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Preface 

An Introduction to the KIHZ Project 

The description of the climate system and the quantification of its natural 
variability and dynamics is essential to assess an ongoing anthropogenic cli
mate change and to validate climate and biogeochemical models to allow for 
reliable projections into the future. Because the spatio-temporal coverage of 
direct meteorological observations is rather limited, high-resolution and ab
solutely dated climate archives represent the only key to a quantification of 
seasonal to millenial climate variations in the past. Furthermore, climate mod
els provide insights into the major processes and causes relevant for climate 
variability on these time scales. 

Both approaches represent one side of the same medal, however melting 
both sides down to one combined effort is often hampered by obstacles defined 
by the different nature of the approaches. For instance, General Circulation 
Models (GCMs) per se deal with spatially resolved data representing real 
climate variables in the model world (such as temperature or precipitation) 
with each model run reflecting one possible realization of climate history under 
given boundary conditions. In contrast, the records of natural climate archives 
are influenced by climate variations as they took place in reality, however, are 
often representative of local climate conditions only. Moreover, the climate 
information deduced from natural archives is in nearly all cases based on 
climate proxies, whose relationship to real climate variables, the so called 
transfer function, has to be established beforehand. 

In order to bridge the gap between climate models and archives and to 
join these different aspects within the German climate research community, 
the project "Climate in historical times" (KIHZ) has been initiated in 1998 
by geoscientists and climate modelers from five German National Research 
Centers, members of the Helmholtz association (HGF), as depicted in the in
ner ring in Fig. 1. Those starting members contributed lake sediments, tree 
rings, polar ice cores and climate information from permafrost regions as well 



vi Preface 

o modeling 

o archives 

Fig. 1. Structure of the KIHZ project listing all participants. The inner ring sum
marizes the founding HGF institutes while the outer ring shows the complementary 
university and Leibniz Association institutes. Dark grey circles indicate institutes 
contributing natural climate archives, light grey circles indicate climate modeling 
groups. 

as GeMs, high-resolution regional atmospheric models and models of inter
mediate complexity to KIHZ. In the year 2000, nine additional groups from 
German universities and institutes from the Leibniz association joined KIHZ 
(outer ring in Fig. 1) adding further competence e.g. on marine sediments, 
corals, lake sediments as well as on solar variations, coupled circulation mod
els and earth climate system models of intermediate complexity. 

Starting from joined meetings presenting the disciplinary work done prior 
to and within KIHZ, a very fruitful discussion took place between the di
verse groups which did not only result in a common language and a better 
understanding of the different approaches but also in cross-disciplinary work
ing groups attempting to fill the gaps between climate archives and models. 
Among others by upscaling studies, relating local climate proxy data to large 
scale teleconnection patterns using meteorological data and multivariate time 
series analysis, by improving transfer functions based on empirical and exper
imental evidence, by aiding the interpretation of climate records using climate 
models to identify processes relevant for the observed climate variations or by 
splicing climate reconstructions from climate archives into circulation models 
using nudging techniques. 

The results of these projects are summarized in this volume which is a 
spin off of the final KIHZ meeting held in Wilhelmshaven in September 2001. 



Preface vii 

The volume is divided into two parts. Part I provides an overview of the ba
sics of the climate system and its dynamics and of the tools used for climate 
reconstruction, i.e. natural climate archives and climate models. In Part II 
individual results achieved during the KIHZ project in the last 5 years are 
presented which are aimed "Towards a synthesis of Holocene proxy data and 
climate models" . 

The Editors. Bremerhaven, November 2003 
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1 

The Holocene: Considerations with Regard to 
its Climate and Climate Archives 

Jorg F. W. Negendank 

Summary. The Holocene as the youngest time of Earth's history is a warm period 
belonging to the last cold phase (ice-age) since 55 million years. The climate evo
lution since 11,600 yr B.P. is basically described by using temperature estimations 
from Greenland ice cores and vegetation changes (pollen assemblage zones) oscil
lating around an average temperature with an interval of around ± 1-3°C. These 
main climatic oscillations can be refined by using multi-proxy data on an annual
decadal resolution revealing trends, fluctuations and short events, giving hints to 
possible pace makers. However, we have to keep in mind that these climatic descrip
tions are generalizations due to the sensitivities of the used proxy and may reflect 
only a local instead of a regional or global signal. Therefore, an integration of many 
proxy-records is necessary to reconstruct the dominating climate regime. 

1.1 Introduction 

The Holocene (Holozan)l is the youngest part of the Earth's history and its 
definition is given geologically. It comprehends the postglacial warm period, 
commencing with the glacier retreat from the moraines of central Sweden and 
starts according to varve- and ice-chronology [631] between 11,590 and 11,550 
yr B.P. It is characterized by the development ofthe vegetation and in Europe 
additionally by transgressions into the North and Baltic Seas. It is the time 
of evolution of mankind since the young Palaeolithic. The subdivision of the 

1 According to Klebelsberg, 1949 "Handbuch der Gletscherkunde und Glaziolo
gie", Bd. II, S. 407/ 408, Wien, 'The Recent' was introduced by Ch. Lyell (1833) 
for youngest deposits, which was renamed by P. Gervais as Holocene ('completely 
new') following the philosophy of subdividing the Tertiary due to the new nomen
clature at this time (e.g., Oligocene etc.). 
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Holocene2 is based on pollen assemblages. The following stratigraphic units 
were defined in central Europe [306], [785] (Table 1.1): 

Table 1.1. Pollen-assemblage zones of Meerfelder Maar (MFM 6) according to 
Kubitz [559] with varve-ages after Endres [277] in comparison to pollen zones of 
Firbas [306], Overbeck [785] and the prehistoric evolution. 

PAZ Pollen Relative Duration Historical Pollenzones Pollenzones 
MFM distribution Varve age in years phases OVERBECK FIRBAS 

(1975) (1949) 
ModernAt!e Subatlantic Subatlantic 9 ash, alder XII X 

8c Middle Age 

I--- beech, 
1500A.D. - 475 A.D. 

8b hornbeam - -1540B.P. VWZ 
Gramineae 475 A.D. - 400 AD. Subatlantic Subatlantic 

I---
Roman Age XI IX 

8a 1540 - 2000 B.P. 460 
400 A.D. - 25 B.C 

7 alder, birch, 2000 - 2750 B.P. 750 Iron Age 
oak 25 B.c. - 700 B.C ------

6 beech, birch, alder Bronze Age Subboreal ------2750 - 3800 B.P. 1050 700 B.C. - 1800 B.C X Subboreal 

5 hazel, alder, oak Neolithic Subboreal VIII 
3800 - 6200 B.P. 2400 IX 

1800 B.C - 5500 B.C. Atlantic oa ,em, Atlantic 4 ~~~~:~~k forest 1 
6200 - 8550 B.P. 2350 VIII 

VI/VII 

3 hazel, oak, elm 8550 - 10.200 B.P. 1650 Mesolithic Boreal Boreal 
VI/VII V 

2 birch, pine, hazel 10.200 - 10.800 B.P. 600 - 5500 B.C. 

1 birch, pine 10.800 -11.000 B.P. 200 Preboreal Preboreal 
V IV 

To understand the climate of today and the climate of the Holocene warm 
period we have to recognize that our 'epoch' has its anchor in the climate 
history of the Earth over the last 600 million years. Only by understanding 
the climate variability of the past we are able to discriminate the driving 
mechanisms for global climate change. Since this time, Earth has experienced 
4 cold phases with and 4 warm phases without polar icecaps and high sea 
level [325]. Obviously, these phases are basically a result of the coupling of 
several geological processes with orbital and solar irradiance changes. It can 
be demonstrated during Earth's history that continental drift (plate tecton
ics and sea floor spreading), distribution of continents and oceanic gateways, 
mountain building, formation of polar ice caps and mountain glaciers, falling 
sea levels and following extensions of flat continental areas are coupled. Re
ferring to the last cold phase, Zachos et al. [1178] have made the comment: 

2 The Holocene time scale is based on a combination of historical and geological 
calendars both referring to solar planetary motion (year: orbital motion of the 
Earth around the sun; lunar month: orbital motion of the moon around the Earth; 
day: spin of the Earth). The used pollen zones have to be dated by, e.g., counting 
annual layers (tree-rings, varves, speleothemes, ice-accumulation layers) or by 
radiocarbon C4 C) dating calibrated by wood of known dendrochronological age 
[1023], [1025]. 
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Since 65 million years ago (Ma), Earth's climate has undergone a sig
nificant and complex evolution, [ ... ] This evolution includes gradual 
trends of warming and cooling driven by tectonic processes on time 
scales of 105 to 107 years, rhythmic or periodic cycles driven by orbital 
processes with 104 to 106 years cyclicity, and rare rapid aberrant shifts 
and extreme climate transients with durations of 103 to 105 years. 

Since the last", 800,000 years, the Milankowitch cycles (Fig. 1.1) appeared 
to be the dominant pace makers or the main causes for the climate variability 
producing the 'interglacials' having a duration of normally 15,000-20,000 years 
within the '" 110,000 years eccentricity cycles. However, according to the 
longer eccentricity cycle of 400 kyr having its lowest value3 since the beginning 
of the Holocene (Fig. 1.1) - the shape of Earth's orbit around the sun is near 
circular - this condition with similar energy (temperature) input will prevail 
for a longer period than usual, possibly causing a duration of the Holocene 
of up to 50,000 years, due to models of Loutre and Berger [653] and Paillard 
[799], and additionally triggered by anthropogenic greenhouse gases. The last 
interglaCial, the Eemian, therefore would be no analogue for the Holocene. 

Besides these orbital parameters, variabilities of the shorter sub-Milan
kowitch types are dominant during the Holocene and are only recorded in 
annual sequences like tree rings, ice-cores, sediment varves, and speleothemes. 

1.2 The Reconstruction of Holocene Climate 

There are few direct records of palaeoclimate prior to the last '" 300 years 
such as meteorological measurements and historical documents about remark
able weather or climate extremes (floods, droughts etc.). Thus we have to rely 
on proxies - measurable parameters that provide quantitative and qualitative 
information about variables like temperature, precipitation and humidity in 
order to reconstruct the palaeoclimate. For the purpose of synchronization 
of these different multi-proxy data networks these reconstructions of global, 
regional or local variability patterns have to be based on independent and 
reliable time scales of annual resolution. This is mostly in contradiction to ge
ological subdivisions based on principles of stratigraphy - bio- or lithostratig
raphy - lacking a true calendar age model, hence being often diachronous. 

The annual resolution is necessary to calibrate these multi-proxy data 
networks with meteorological data sets of the last 100 years with the pre
vailing climate regime. A climate regime like the North Atlantic Oscillation 
is a pattern of coherent climate fluctuations caused by the dynamics of the 
climate system and the complex interplay of its subsystems (ocean, atmo
sphere, cryosphere, lithosphere, biosphere) with important contributions by 

3 Today's value is 0,0167 (0:) showing that eccentricity drops to zero because the 
orbit is circular (a 2 - b2 = 0) (0: = va2 - b2 /a) 
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Fig. 1.1. Astronomical control of solar radiation. Orbital cycles that overlap and 
cause the Milankowitch-cycles (according to Zachos et al. (1178)). 

solar irradiance changes, explosive volcanic eruptions and possible cosmic dust 
input. 

Reconstructed palaeoclimate variabilities based on proxy-data, model gen
erated variabilities as well as variabilities generated by proxy-data assimilated 
models are now available (e.g., [18), [692), [1143]). In Europe, instrumental 
data and historical climate observations [381], [1129] are available besides the 
proxy-data obtained from ice-cores, tree rings, lake sediments, marine sedi
ments , corals, glacial deposits and marine terraces (e.g., this volume, [536]). 

A short general description of archives (ice-cores, lake sediments, tree rings, 
corals, marine sediments) that are used for the reconstruction of the Holocene 
climate within the framework of the KIHZ-project follows [1178]: 

Ice-cores: 

Polar ice sheets and mountain glaciers are structured by snow accumulation 
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rates. They produce annual layers with subseasonal to decadal resolution. 
Dating is done by layer counting and ice flow models which are accurate back 
to 40,000 yr B.P. (Greenland). In general the record can be extended back 
to '"" 440, 000 yr B.P. Ice-cores provide direct archives for the investigation of 
former atmospheres, containing CO2 and methane (CH4) in gas bubbles, Ca2+ 
from dust (wind strength), Cl-, Na+ from sea salt, pollen, 818 0 isotope ratios 
from precipitation related to surface temperatures, lOBe and other cosmogonic 
isotopes tracing solar activity. Additionally, SO 4 2- originating from volcanic 
emissions permits the detection of teleconnections with distant archives. 

Lake sediments: 

Pure or mixed clastic, organic (diatomaceous gyttja) or evaporitic (marl, 
limestone, gypsum, salt) records in relation to the climatic regime are subdi
vided by annual layers (varves) often with seasonal resolution. Dating is done 
by varve counting of several parallel cores controlled by AMS14C-analysis, 
tephralayers and geomagnetic secular variation curves. Pollen distribution as 
well as diatom analysis indicate palaeoenvironmental and palaeoclimatic shifts 
and reveal information about temperature and moisture. 813 C is temperature
sensitive. Geochemical parameters like TOC (total organic carbon), TIC (total 
inorganic carbon), biogenic silica, several oxides and biomarkers are indicators 
for changes in the local or regional environment (precipitation). 

Varve thickness variations of e.g., organic varves reveal sunspot cyclicities 
whereas tephra layers are ideal markers for correlation of continental records 
with marine sequences. The time range is from present to 150,000 yr B.P. 
comprehending the last glacial cycle including the last interglacial. Varved 
records are also known from Permian or, for example, from young Precambrian 
times. 

Tree rings: 

Sequences of tree rings provide terrestrial records with annual resolution per
mitting the establishment of an 'absolute' chronology and the calibration of ra
diocarbon measurements for dating purposes back to'"" 14,000 yr B.P. These 
are most informative records for the last millennium if extreme climatic sites 
are chosen. 813 C, 8180, 82H as well as ring width indices are indicative for 
rainfall and temperature. Moreover 14C values reveal sunspot periodicities. 

Corals: 

Currently corals are the best tropical records showing seasonal changes in 
ocean systems with annual banding and monthly to weekly resolution. Dating 
is achieved by layer counting and 14C and U /Th dating. The records cover 
presently the last 800 years. In several cases fossil corals have been used for 
climate reconstruction going back as far as 130,000 yr B.P., but they only cover 
short time intervals. Sea surface temperature and salinity can be derived from 
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oxygen isotopes and/or element ratios like Sr/Ca. Corals can also be used for 
the detection of sea level changes. 

Marine sediments: 

Marine sediments are the most prominent sediments covering much of the 
Earth's surface providing the basic records for the stratigraphy of the last 600 
million years. Continuous records exist in the marine realm since Cretaceous 
times ("" 180 million years). However, the corresponding time resolution is 
mostly poor, i.e. 1000-100 years, in rare cases annual to seasonal resolution 
can be gained. Isotopes and element ratios (8180, 813C, 811 B, 813Corg, Cd/Ca, 
Mg/Ca, Sr/Ca) from planktonic and benthic microfossils (foraminifera, di
atoms, radiolarians and ostracodes) reveal sea surface temperatures (SST), 
sea surface salinity (SSS), ice volume, atmospheric CO 2 and ocean circula
tion. Alkenone thermometry is used for the determination of the sea surface 
temperature. Radiocarbon dating for fossils is done up to "" 50,000 yr B.P. 
Further dating is accomplished using correlations of the oxygen isotope curve 
to regular changes in Earth's orbit going back millions of years by orbital 
tuning (Marine Oxygene Isotope Stages [OIS]). 

1.3 The Holocene Climate in Northwest Europe and 
Adjacent Areas 

The evolution of the Holocene climate, as elaborated with records in Europe, 
depends on the climate regime of the North Atlantic Oscillation. Climate vari
ability of the Holocene is, therefore, excellently and reliably documented in 
this region and provides a basic tool for a description worldwide. The compila
tion in this article is therefore restricted to Europe, but further information is 
available for the African-Arabian desert in [840], for the Americas by Grimm 
et al. [398], Fritz et al. [347] and for other areas in the world by Alverson et 
al. [18], Bradley [104]. 

Considering the variability pattern of multi-proxy data networks in space 
and time originating from various archives, it can be observed that the sensi
tivities of proxies are different. However, in general it is possible to describe 
trends, oscillations and aberrations, keeping in mind that the resolution of 
proxies varies from years, e.g. for trees, to ±500 years, e.g. for lake level 
changes. 

To gain a first overview about the climate evolution during the Holocene, 
relative temperature reconstructions of Greenland ice-cores are the most in
structive. In Fig. 1.2 the climate variability is demonstrated by indicating 
relatively warm (0) and relatively cold (P) periods. Generally, the evolution 
can be described as follows: 

Preboreal: 
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Fig. 1.2. Estimated temperature changes during the Holocene according to Green
land ice-cores after Schonwiese [944] and Dansgaard et al [217]. 
0 : temperature optima, P: temperature pessima, PO: Piora-oscillation, P : main 
pessimum, OR: optimum of the Roman time; PV: pessimum migration time, MO: 
Medieval optimum, KE: Little Ice Age, OH1 , OH2 : maxima of the mid-Holocene 
'climate optimum'. 

The onset of this warm period following the cold Younger Dryas, lasted around 
60 years. It is anticipated that the summers have been similarly warm like 
today, however with very cold winters due to the existence of some of the 
great ice shields. 

Boreal: 

In general, summers have been warmer than today with mild winters but 
single cold winters. Relatively low precipitation is dominant. 

Atlantic: 

This period is the warmest of the whole last glacial cycle, and therefore named 
'optimum' with very mild winters. The last great ice shields disappeared and 
precipitation increased in the final stage (wet period). 

Sub boreal: 

It is mainly a warm period similar to the beginning of the Atlantic, however, 
with a high variability but less precipitation than in the Subatlantic. At the 
beginning of the Subboreal, a very cold period, named Piora-oscillation, with 
glacier advances is documented. 

Subatlantic: 
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The beginning is characterized by a pronounced cold period, the Main Pes
simum. Mean annual temperatures in Europe were I-2°C lower than today 
caused by cool summers with high precipitation and well known glacier ad
vances. 

- 'Optimum' of the Roman time: It was a period warmer than the 'Medieval 
Optimum' and several Alpine 'passes' were free even in winter. High pre
cipitation is documented like in North Africa. 

- 'Pessimum' ofthe Migration time: It was a cool and wet period with glacier 
advances in various areas. 

- Medieval Optimum: This medieval warm period faced mean annual tem
peratures of 1-1.5°C higher than today, allowing wine-growing in NW
Europe. At the beginning it was drier, later on wetter. 

- Transition period: It is a period of change from a warm period to the so
called 'Little Ice Age' with a pronounced cooling, high precipitation and 
increase of storm-tracks. 

- Little Ice-Age: This cold period is characterized by a mean annual tem
perature of 1°C less than today with severe cold winters and extreme 
variations. 

- Modern Optimum: It is a warm period that commenced around 1940 and 
that increases since. 

Prentice et al. [843] have used pollen assemblages to reconstruct biomes and 
Huntley [483] has explained the Holocene climatic history recorded by changes 
in the overall vegetation patterns on the continent: 

• At 10,000 14C yr BP (ca. 9400 BC), forest cover was extensive only in 
mainland Europe, whereas most of the British Isles and Fennoscandia was 
occupied by treeless tundra-like vegetation. 

• Much of the area occupied by forest biomes at 10,000 14C yr BP (ca. 9400 
BC) had vegetation that is either absent or uncommon in Europe at the 
present day, notably 'cold mixed forest' and 'cold deciduous forest' (for 
descriptions of the biomes see [842], [843]). 

• Although 'temperate deciduous forest' was extensive by 8000 14C yr BP 
(ca. 6950 BC), the forest patterns were quite different from those of the 
present day; 'taiga' was principally found only around the Urals, whereas 
Fennoscandia was occupied mainly by 'cold mixed', 'cool conifer' and 'cold 
deciduous' forests. 

• The extent of 'temperate deciduous forest' was greatest in the mid
Holocene, ca. 6000 14C yr BP (ca. 4850 BC); since that time it has been 
reduced in extent along its northern, eastern and southern limits. 'Taiga' 
has become extensive in Fennoscandia since the mid-Holocene, its expan
sion westwards being paralleled by the expansion of 'cool mixed forest' in 
eastern Europe and in the Alpine region. 
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• Although 'broad-leaved evergreen/warm mixed forest' has been present 
locally in southern Europe since the early Holocene, it has expanded con
siderably in the late Holocene, replacing 'temperate deciduous forest' in 
many parts of southern Europe. 

• The expansion of treeless grassland and heathland vegetation in western 
Europe since the mid-Holocene is reflected by an increasing incidence of 
misclassification of pollen spectra from these regions as representing the 
'tundra' biome. 

These vegetation changes reflect independent changes in three principal as
pects of the climate, the annual temperature sum, the minimum temperature 
and the moisture availability. Additionally, they document that pollen se
quences cannot be used simply for climate reconstructions since the human 
influence increased. 

Huntley et al. [485] have documented this human influence in Europe 
and the shifts of the cultural periods from South to North. Further on We
fer et al. [1143] present several papers that demonstrate the Holocene climate 
evolution using evidence from different archives, ice shields [423], marine sed
iments [545], lake sediments [754], lake hydrology [431], Baltic sea cores [274], 
vegetation changes [483], glacier fluctuations in Norway [761], palaeoenviron
mental changes [485], seal level change [61], tree ring narrowest ring events [39]. 

Huntley et al. [485] have published a compilation of several of these infor
mation as "principal Holocene climatic changes and events, and major changes 
in human settlement patterns and activities" . 

1.4 Holocene Climatic Trends, Fluctuations and Events 

Huntley et al. [485] have described the Holocene palaeoenvironmental history 
of NW-Europe by distinguishing between long-term trends, fluctuations of 
100-1000 years and multi-annual to multi-decadal events. 

Long-term trends 

Bore hole temperature logs from Greenland ice cores [485] revealed mean 
annual temperatures integrated over years to decades peaking around 5000 yr 
B.P. at a value of ca. 5°C higher than the present day value. A decrease started 
ca. 4100 yr B.P. and reached its minimum around 2200 yr B.P. Afterwards, 
smaller fluctuations are indicated with the Little Ice Age being some 1-1.50 C 
cooler than today whereas the MWP (Medieval Warm Period) was as warm 
as the present day. 

This is not reflected in some of the new 818 0 Greenland ice core records 
and shows no early or mid-Holocene 'thermal maximum' which is documented 
in lake sediments [754] and other archives. The early to mid-Holocene 'thermal 
maximum' is, however, even documented in the altitudinal tree limit in Scan
dinavian mountains being 300 m above the present tree limit [72]. Summer 
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temperatures have been higher than at present, an optimum occured around 
6000 to 5000 yr B.P. with values 1.5°C (± 0.5) higher than today. 

In contrast to the tree limit maxima, glacier moraines (advances) mark the 
cool events (temperature minima) , for example, in Norway [761] , reflecting 
even the Bond cycles [90] and the Little Ice Age (Fig. 1.3). 

Speleothemes from northern Norway reveal a Holocene temperature maxi
mum (2.5°C warmer) around 9500 to 7500 yr B.P. [485]. This seems to support 
the evidence that the snow line in the Swiss Alps is higher at present than it 
was between 8000 and 6000 yr B.P. 

The early to mid-Holocene 'thermal maximum' is a general feature in Eu
rope and documented in Greenland, Scandinavia, Central Europe and the 
Atlantic summer SST (sea surface temperature) [103] and extends to the 
Cariaco-Basin (Fig. 1.3). 
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Fig. 1.3. Cold events marked by the Bond cycles 1- 8 [90] due to ice rafted debris in 
the Atlantic and the Younger Dryas to identify possible cold spells in proxy records 
of different archives and climatic regions. 

To explore the spatial pattern in the Holocene palaeoclimate of NW
Europe, only pollen data, lake level data and sea surface conditions are avail
able to a sufficient degree. Huntley and Birks [486] and Huntley and Prentice 
[487] compiled pollen analytical data which revealed summer temperatures 
higher than present day temperatures north of 500 N with its maximum in 
the maritime area of NW-Europe for the time slice around 6000 yr B.P. In 
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winter, the temperatures in this region were lower than in the Mediterranean 
area today but warmer than presently north of the Alps. Moisture was higher 
in the southern North Sea area and in southern Europe but lower than to
day in other areas. A similar reconstruction for NW-Europe based on pollen 
assemblages was developed by Zagwijn [1179) (Fig. 1.3). 

Fluctuations (1 00-1 000 years) 

The overall long-term trends of the Holocene are often superimposed by fluc
tuations in the order of 100 to 1000 years. One pronounced cooling event is 
found around 8200 yr B.P. [40) indicated in many proxies in Europe (e.g., 
[840)) and in the Cariaco-Basin [439] (Fig. 1.3). Additionally, 250-300 years 
lasting cool oscillations within the Preboreal and Boreal of the varve sequence 
of Holzmaar (Eifel) are equivalent to the Bond cycles 8 and 7 interpreted as 
cooler and wetter climate conditions [107]. Many glacier advances show fluc
tuations like the Little Ice Age during the Holocene. 

The history of the Great Aletsch Glacier, for instance, appears to be rep
resentative of the history of the Alpine glaciers generally documenting the 
interruption of the Medieval Warm Period (MWP) by small short-lined ad
vances [1129] (Figs. 1.3, 1.4). 
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Fig. 1.4. Advances and retreats of the Great Aletsch Glacier tongue [1129] in 
comparison to relative temperatures of Greenland ice cores after [743] 

Multi-annual to multi-decadal events 

Events with a duration of less than a century are documented in records 
with annual resolution like ice cores, varved lake sediments and tree rings. 
These are mostly extreme cold events, some of them are apparently global 
in extent. Huntley et al. [485) state: These events (a decade in duration) are 
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marked as 'narrowest ring events' and are seen in tree ring sequences from 
many different parts ofthe world (e.g., Ireland, Germany, Scandinavia, North 
America, South America). A special case is the event assigned to the year 1410 
B.P. which is possibly caused by volcanic eruptions4 and/or cosmic dust input. 
According to Baillie [39J the 1410 yr B.P. narrowest ring event corresponds 
to a period where Earth was at increased risk of meteoritic bombardment. A 
similar abrupt climate event was described by van Geel et al. [1086J, [1087J 
in several archives in the Netherlands and documented in a sharp rise of 14C 
around 800 cal. BC. 

Time sequence analyzes of ice core data, 14C date of tree rings as well as 
varve thickness variations reveal major periodicities of 11, 22, 88, 210, ,...., 550, 
,...., 900, 1050 years [1118J documenting a variability that is not pronounced 
in other proxies, for example, within the pollen spectra. The cycles with 8 
and more decades in duration are possibly responsible for the cooling events 
like the Sporer, Wolf and Maunder Minimum exhibiting the response to solar 
irradiance changes5 . 
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4 Since 818 B.C. massive volcanic eruptions have depressed the temperature in 
Greenland around 2°C. According to Briffa et al. [121) the northern hemisphere 
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with the extreme at 1601 (0.8°C). In mid-latitudes it causes a warming of the 
winter and a cooling of the summer temperatures [39). 

5 The response to solar forcing is calculated since 1600 up to 0.2-0.5% which cor
responds to a temperature less than 0.60 C. In gross, 20-35% of the reconstructed 
climate variability for this time window is caused by solar forcing [39). 
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Nonlinear Dynamics of the Climate System 

Klaus Dethloff, Annette Rinke, Dorthe Handorf, Antje Weisheimer, and 
Wolfgang Dorn 

Summary. The problem of climate change requires to attribute observed climate 
variations to natural sources of variability and anthropogenic forcing factors. Cli
mate variability from the decadal over centennial to the millennial time scales and 
the transitions from glacials to interglacials are determined by strong nonlinear in
teractions between the changes in the incoming solar radiation, its absorption in the 
atmosphere and the ocean and the initiation of large ice sheets which has a strong 
influence on the quasi-stationary atmospheric waves. 

The climate we experience results from both ordered and nonlinear chaotic be
haviour. It is very hard to determine the nonlinear chaotic component and to know 
how important it is. The equations to define atmospheric and climate system be
havior are nonlinear. This characteristic of the equations allows the system to be 
highly sensitive to small differences in the initial states and to result in very dif
ferent large-scale responses to small changes. This tendency promotes transitions 
between a number of quasi-stationary atmospheric circulation states that can in
fluence regional circulation systems and its variability as well as the climate as a 
whole. 

Because of the possibility that different paleoindicators could be more sensitive 
to variations in one regime than in the others, the interpretation of paleoclimatic 
data should be revisited in the light of the circulation regime concept. The evolution 
of the climate system on long time scales is determined by the large-scale nonlin
ear dynamics of the interacting climate subsystems and external forcing factors. The 
nonlinear feedbacks via momentum, heat and moisture fluxes between relatively fast 
changes in preferred atmospheric circulation regimes and the slowly evolving subsys
tems ocean, sea-ice and ice-sheets are the processes responsible for the initiation of 
glacials or interglacials and the complex reorganization of the whole climate system. 

Various mechanisms have been invoked to explain sudden regional and climate 
changes and transitions, including variations of the North Atlantic thermohaline cir
culation as trigger or amplifier in rapid climate changes, carbon dioxide and methane 
concentrations, surface albedo of ice, snow and vegetation, water vapor feedbacks 
and dust and particles feedbacks. The importance of these feedbacks in sudden 
changes depends on the atmospheric and oceanic circulation patterns, determined 
by internal circulation modes and the nonlinear coupling of the climate subsystems. 
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2.1 Introduction 

A complete description of climate would require a detailed knowledge of the 
state of all climate subsystems in space and time, as well as forcings external 
to the climate system, such as solar radiation, volcanic eruptions and human 
influences. Observations of the climate system are far from being comprehen
sive and many fundamental aspects of the system remain unobserved. The 
problem of global climate changes requires attribution of observed climate 
variations to natural sources of variability and anthropogenic forcing factors. 
A measure of understanding the interactions among the components of the 
climate system is the extent to which we are able to reproduce the observed 
behavior of the entire coupled system and the present day climate regimes with 
climate models. The existing instrumental records provide a qualitative pic
ture of the present climate over most part of the earth with 'white data spots' 
mainly over the polar and oceanic areas. However, these records mostly span 
approximately a century and are thus rather short in terms of the time scales 
of climate change, as over Europe some records go back longer, e.g., [663]. 
The instrumental record provides a partial description of variability during 
this period of time, but no insight how this century fits in the spectrum of 
low-frequency climate variability. 

Paleoclimatic studies can improve the poor understanding of climate pro
cesses by examining past periods that were radically different from the present. 
If the models perform well for the present and for the past, this can give in
creased confidence in climate scenarios for the future. The detection of anthro
pogenic climate change in observations and the validation of climate models 
both rely on understanding natural climate variability. Paleoclimate records 
are essential tools for contextualizing 21th century climate changes. By dis
cerning natural patterns and ranges of climate change in the centuries preced
ing any possible anthropogenic forcing we will refine our understanding of the 
climate systems present and future response to hypothesized global warming. 
High-resolution records that allow glimpses of climate beyond the last millen
nium are rare, but provide valuable opportunities to address the impact of 
mean climate state changes on modes of natural variability . 

. Serreze et al. [956] presented observational evidence of recent climate 
changes with pronounced winter and spring warming over northern continents 
since about 1970, which is partly compensated by cooling over the northern 
North Atlantic. Warming is also evident over the central Arctic Ocean, con
nected with a decrease of sea-ice extent. These results paint a reasonable 
coherent picture of change, but their interpretation as signals of enhanced 
greenhouse warming is open to debate. Many of the observed records are ei
ther short, of uncertain quality, or provide limited spatial coverage. Roughly 
half of the pronounced recent rise in Northern hemisphere winter temperatures 
reflects shifts in atmospheric circulation patterns. 

Roeckner et al. [897] and Gillett et al. [378] and IPCC [494] implies that 
there is an important component of the atmospheric temperature response 
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to anthropogenic forcing due to greenhouse gases and sulfate aerosols. Re
cent modelling experiments by Fyfe et al. [349) indicate that anthropogenic 
forcing may indeed modulate the intensity and frequency of natural modes of 
variability, and contribute to cold ocean warm land pattern of temperature 
change. Understanding how much, if any, of observed climate changes are an
thropogenic depends upon understanding the magnitude and spatial patterns 
of natural climate variability. 

Validation of the decadal to centennial timescale variability of coupled cli
mate models is limited by the scarcity of long observational records. Proxy 
indicators of climate, such as tree rings, ice cores, etc., can be utilized for this 
purpose. Collins et al. [177) presents a quantitative comparison of the variabil
ity of the third version of the Hadley Centre ocean-atmosphere coupled model 
with a network of temperature-sensitive tree-ring densities covering the north
ern high latitudes. The tree-ring density records are up to 600 years long. The 
variability of the model control simulation, which represents only the internal 
variability of the climate system, agrees reasonably well with the tree-ring 
reconstructions, although the model may underestimate the variance of mean 
Northern Hemisphere land temperature by as much as a factor of 1.8 on all 
timescales and by as much as a factor of 3 on decadal to centennial timescales. 
Underestimation of the natural variability of climate by the model would be 
serious as it may lead to false detections of climate change or erroneously low 
uncertainty estimates in future climate predictions. However, it is shown that 
some of this underestimation may be due to the lack of natural climate forcing 
in the model control simulation due, fo example, to solar variability and vol
canic eruptions. Collins et al. [177) suggests that further quantification of the 
uncertainties in the proxy data, and inclusion of natural climate forcings in 
the model simulations, are important steps in making comparisons of climate 
models with the proxy record over the last 1000 years, as discussed by Briffa 
and Osborn [123). 

Climate variability from the decadal over centennial to millennial time 
scales and the transitions from glacials to interglacials are determined by 
strong nonlinear interactions between the changes in the incoming solar ra
diation, its absorption in the atmosphere and the ocean and the initiation of 
large ice sheets which has a strong influence on quasi-stationary atmospheric 
waves. These planetary waves are connected with changes in the circulation 
regimes and the storm tracks which react on the ice sheets by heat and mois
ture transports. Changes in the precipitation minus evaporation balance of 
the atmosphere may trigger multiple circulation states in the ocean. Currently 
many gaps exist in our understanding of the spectrum of climate variability. 
The climate we experience results from both ordered and nonlinear chaotic 
behavior. It is very hard to determine the nonlinear chaotic component and to 
know how important it is. The richness of nonlinear interactions between the 
different components of the climate system favour spontaneous self organiza
tion in a sense to produce order in the midst of chaos. The equations to define 
atmospheric and climate system behavior are nonlinear. This characteristic 



16 K. Dethloff et al. 

of the equations allows the system to be highly sensitive to small differences 
in the initial states and to result in very different large-scale responses to 
small changes. The result of this tendency is to promote transitions between 
a number of quasi-stationary circulation states that can influence regional 
circulation systems and their variability as well as climate as a whole. The 
main problem in our understanding of the spectrum of climate variability is 
to check the overall effects of nonlinearities of the subsystems of the climate 
system and the full system itself. 

Lorenz [641], [643] and Hasselmann [438] suggested two different mecha
nisms for the generation of low-frequency climate variability. The simple non
linear dynamical system of the Lorenz-equations generates through its chaotic 
nature considerable variability on longer time scales without external forcing, 
even though instabilities in the model occur only on short-term synoptic time 
scales. Hasselmann [438] divided the climate system into a rapidly varying at
mospheric weather system and a slowly responding climate system comprising 
the ocean and soil subsystems. Slow changes of climate are explained as the 
integrated response to continuous random excitation by short period weather 
systems. Theoretical studies of Hasselmann [436] showed that external forc
ings can change the transition probabilities between different regimes. 

Lorenz [643], Egger [269] and Charney and DeVore [156] developed the 
concept of atmospheric circulation regimes. The transitions between circula
tion states from a zonal regime with a strong zonal flow and weak waves, 
called high index state to a strong wave regime with strong waves and weak 
zonal flow, called low index state and vice versa, are the result of nonlin- . 
ear processes and responsible for the low-frequency climate variability. This 
decadal-scale climate variability is mainly determined by the transitions be
tween the quasi-stationary regimes of the system and is triggered by baroclinic 
unstable weather systems. Kurganskyet al. [569], Dethloff et al. [240], Palmer 
[800] and Weisheimer [1145] delivered arguments that the atmosphere is able 
to develop its own decadal-scale variability. Sura [1031] introduced the con
cept of noise induced transitions and showed that transitions between low 
and high index states might occur as a result of high frequency fluctuations, 
parameterized by additive stochastic processes. A gallery of simple climate 
models and stochastic models as conceptual tools for a better understanding 
of the climate system have been discussed in [779] and [323]. 

Persistent circulation anomalies like broad westerly currents in mid lati
tudes or blocking weather situations are often observed. Their spatial structure 
resembles the well-known teleconnection patterns [1126]. Between these circu
lation regimes frequent transitions occur, and this is consistent with the idea 
that climate changes can be described in terms of changes in the frequency 
of occurrence of different circulation regimes [373], [800]. Corti et al. [193] 
concluded that the observed climate changes manifested itself in a changing 
frequency of the occurrence of preferred circulation regimes. 

Externally forced climate changes over long time scales as in the theory of 
ice ages has been traditionally treated as a linear response problem, but the de-
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velopment of climate is a nonlinear boundary and initial value problem, which 
needs long-term observations of climate variables and paleoclimatic data and 
simplified nonlinear models which can be integrated over many millennia. Cir
culation regimes are considered to be a product of the internal variability of 
the atmosphere, but they are sensitive to large changes in the boundary con
ditions as a result of the interaction between the quasi-stationary flow and 
the transient storm tracks. The time span of the past showed rapid climate 
transitions, most of them on time scales of centuries to decades. All the evi
dence indicates that most long-term climate change occurs in sudden jumps 
rather than incremental changes. Thus the decadal time scale transitions are 
the key in all theories of climate changes. 

2.2 Large-scale Circulation of the Atmosphere 

2.2.1 Zonal Circulation 

The zonally averaged circulation of the troposphere allows a qualitative de
scription of the main physical processes responsible for the strong westerlies in 
the extratropics in the band of highest temperature and pressure gradient. The 
wind speed increases with altitude and reaches its maxima in the jet streams. 
The zonal mean radiative heating of the atmosphere generates a meridional 
energy gradient through a net heating of the tropics and a cooling of the polar 
regions. Atmospheric eddies develop through baroclinic instability of the mean 
flow and transport warm air poleward and cold air equatorward. Baroclinic 
instability produces wave motion due to vertical shear of the basic current in 
the presence of Coriolis and buoyancy forces. Cyclonic and anticyclonic tran
sient weather systems mix energy, momentum and water vapor between low 
and high latitudes. Surface cyclones develop to the east of the troughs of these 
baroclinic waves and produce synoptical weather systems travelling from west 
to east with time scales of several days. The baroclinic wave-like perturbations 
of the westerly winds in the middle latitudes grow from an instability of the 
rapidly rotating atmosphere subjected to a horizontal temperature gradient 
caused by the differential solar heating. The storm tracks are the preferred tra
jectories of the synoptic weather systems and move during winter mainly over 
the extratropical oceans and downstream and poleward of the jet streams. 

The zonally averaged circulation is a result of forcing with zonally averaged 
diabatic heating and momentum and heat fluxes, as shown by Dethloff and 
Schmitz [238]. The diabatic heating rate describes the absorption and emission 
of short and long wave radiation and the latent heat release as a result of 
water vapour evaporation. The diabatic heating and planetary wave fluxes 
of momentum and heat determine the zonally averaged wind circulation and 
explain the main meridional Hadley- and Ferrel circulation cells. The Hadley 
cell is a thermally driven circulation cell with ascending air motion at the 
equator and descending air motion in the subtropics, mainly determined by 
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the diabatic heating source with a main contribution due to latent heating in 
the tropics. The Ferrel cell is an indirect circulation cell with ascending air 
motion in middle latitudes and descending motion in the subtropics connected 
with the atmospheric fluxes of angular momentum and sensible heat by large
scale atmospheric planetary waves. 

2.2.2 Planetary VVaves 

The zonal symmetry of the westerlies is disturbed by atmospheric planetary 
waves, forced mainly by mountain ranges, latent heating in the tropics and 
anomalous heating connected with sea surface temperatures (SST) in El Nino 
events. The planetary or Rossby waves originate as a result of the latitude 
dependence of the Coriolis force and occur at large spatial scales of about 
7000km and larger and characteristic time scales of days and longer. The 
smaller synoptic scale waves with a spatial scale below 7000 km originate due 
to baroclinic instability of the zonal circulation. 

Planetary waves are not only excited by asymmetric orographic and ther
mal forcings but also by transient synoptical scale fluxes, as discussed by 
Hoskins and Karoly [468]. A differential heating of the atmosphere is not only 
caused by latitudinal variations of the solar input and the outgoing long wave 
radiation. Zonal asymmetries in the heating also occur due to the different 
heat capacity of land and ocean, vegetation and land use effects, surface topog
raphy and roughness. On the Northern Hemisphere the Himalaya, the Rocky 
Mountains, and the ice shield of Greenland act as orographic forcing factors. 
In the Southern Hemisphere the orographic forcing is due to the Andes and 
the ice shield of Antarctica. A combination of orographic, asymmetric ther
mal forcing and synoptic scale transient fluxes can qualitatively explain the 
main planetary wave pattern, as discussed by Opsteegh and Vernekar [782] 
in a linear diagnostic model. The contribution of the different forcing factors 
to the longitudinal and meridional variation of planetary wave structures on 
the monthly time scale have been discussed and shown that the influence of 
transient processes with time scales smaller than one month is important. 

Temperature changes in the Northern Hemisphere winter are strongly re
lated to advection via stationary and transient planetary wave processes. Van 
Loon [1089] showed that decreased temperatures ofthe atmosphere are accom
panied by stronger heat fluxes in the stationary waves. This implies that the 
meridional temperature gradient responds to changes in the planetary waves. 
Since the stationary planetary waves are forced by orography and patterns 
of diabatic heating arising from the land-ocean distribution, changes in the 
diabatic heating would lead to changes in the planetary wave patterns and 
the associated poleward heat fluxes. Reduced heat fluxes by planetary waves 
would increase Arctic temperatures and reduce the effectiveness of the Arctic 
cold sink in winter, as pointed out by Trenberth [1071]. Alterations of the 
meridional temperature gradient have, through baroclinic instability a strong 
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impact on the transient storm tracks and on changes in precipitation as well 
as cloud and radiative properties. 

2.2.3 Atmospheric Teleconnections 

A clearly recognizable but unexpected pattern of trends over the past 30 years 
has recently emerged in global climate records as stated in [433]. Global warm
ing patterns occurred with winter and springtime temperatures over Northern 
Europe and Siberia warmer during the 1980s relative to the reference period 
1951-1980. Initially these temperature increases were considered to be an inte
gral part of the greenhouse warming fingerprint predicted by climate models. 
Now it has become apparent, that the warming of these regions is linked to 
the observed trend toward high index polarity of the North Atlantic Oscilla
tion (NAO) or Arctic Oscillation (AO). Although the AO and NAO indices 
are strongly correlated, the AO relies on a hemispheric domain, whereas the 
NAO covers only the North Atlantic and European sector of the Northern 
Hemisphere. Hurrell [488] and Thompson and Wallace [1058] discussed this 
atmospheric mode of variability. Its temporal variability can be represented 
by the leading principal component of the sea level pressure field. An anal
ogous structure has been identified as the leading mode of variability in the 
Southern Hemisphere, known as Antarctic Oscillation (AAO). 

The local forcing of the large-scale atmospheric Rossby waves sets up a 
wave train of disturbances and results in teleconnections downstream of the 
local heat source. Such teleconnection patterns are associated with anoma
lies in the atmospheric circulation and thus with temperature and precipita
tion anomalies. Wallace and Gutzler [1126] identified the extratropical tele
connections of the Northern Hemisphere and obtained strongest patterns in 
the Northern winter months. Hoskins and Abrizzi [469] showed that a SST 
anomaly in the tropical Pacific excites strong wave trains to middle and high 
latitudes. The jet streams appeared to act as wave guides for the Rossby 
waves and during Northern winter the Rossby waves propagated from a trop
ical source region into the extratropics. One example of such a teleconnection 
pattern arising from local forcing in SST's is the EI Nino-Southern Oscilla
tion (ENSO). Wave forcing in the EI Nino region forces global wave trains, 
whereas forcing in the Sahara region excites wave patterns restricted to the 
tropical regions. Both the Northern and Southern hemispheres have leading 
patterns of circulation variability. Especially the AO as a monthly mean ex
tratropical tropospheric pattern of variability shows a strong connection to 
long-term climate trends of the troposphere and important connections to the 
stratosphere, as discussed by Wallace [1125], [1124]. The links between the cli
mate trends of the Southern hemisphere and the AAO have been discussed in 
[1060]. They showed that recent trends in the tropospheric circulation can be 
interpreted as a shift to a stronger westerly flow, connected with recent trends 
in the lower stratospheric polar vortex, which are largely due to stratospheric 
photochemical ozone losses. 
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Ambaum et al. [19] showed that an increase in the AO implies strength
ening of the polar jet over northwest Europe and of the subtropical jet in 
the same sector but a weakening of the Pacific jet. Although the NAO and 
AO time series are highly correlated, the differences of the patterns suggest 
different underlying basic physical mechanisms. The NAO points to a mech
anism local to the Atlantic region, whereas the more zonal structure of the 
AO, on the other hand, led Thompson and Wallace [1057] to suggest that the 
AO may be a representation of a fundamentally zonally symmetric mode-an 
'annular mode' - modified by zonally asymmetric forcings, such as topogra
phy. There has been great interest to identify and characterize the dynamics 
of the hemispheric-scale oscillations in atmospheric mass and surface pressure 
between the high and midlatitudes and to which extent the AO or the NAO 
are more physically relevant, as pointed out by Wallace and Thompson [1127]. 

The eastern Pacific-North American sector is a primary region of northern 
winter transient propagation between the tropics and the extratropics con
nected with ENSO, as discussed by Rasmusson et al. [857]. Teleconnections 
can cause variability in the storm tracks. The initiation and propagation of the 
cyclonic systems are largely governed by the quasi-stationary time-averaged 
large-scale flow regimes as discussed by Trenberth et al. [1073]. The remote 
influence of ENSO related sea surface temperature variations on the mid
latitude quasi-stationary flow and on the storm tracks affect the underlying 
ocean through in-situ air-sea interactions. A dynamical interaction between 
the low-frequency atmospheric fluctuations and the storm tracks occurs. 

The fact that the warming over the northern part of the continents is due 
to changes in natural circulation modes does not rule out that the warming 
could be anthropgenically introduced. Recent model studies (e.g., [1080], [795], 
and [349]) pointed out the possibility of a higher frequency of positive phases 
of the AO /NAO through increasing greenhouse gases, partly associated with 
a north-eastward shift of the NAO pattern. But these model results disagree 
not only in terms of decadal fluctuations of the AO/NAO, but also in their 
simulated long-term trends, even in the case of using the same greenhouse 
gas scenario. Shindell et al. [967] stated that an AO/NAO trend emerges only 
in climate models that include a realistic representation of the stratospheric 
dynamics and suggested that the recent trends in the AO are likely to be 
anthropogenic in origin. Hoerling et al. [463] presented evidence that the AO 
trends may be forced by tropical sea surface temperature warming since 1950, 
which they suggest may be anthropogenic in origin. 

As shown by Zorita and Gonzalez-Rouco [1198] a trend of the AO/NAO is 
strongly dependent on the initial conditions of the simulations. The changes 
of greenhouse gases and aerosols are thus not the decisive factor for regime 
changes of the AO/NAO. Consequently the AO by itself may be of chaotic 
nature and rather unpredictable on decadal and longer time scales. Thompson 
et al. [1059] exploited the remarkable similarity between recent climate trends 
and the structure of the AO in the month-to-month variability to partition 
the trends into the different components and showed that 30% of the win-
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ter warming over the Northern hemisphere is linearly congruent with the AO 
trends. The month-to-month variability of the AO is largely internally gen
erated, as evidenced by the fact that it is well simulated in control runs of a 
number of different atmospheric general circulation models run with fixed at
mospheric composition, (e.g., [543], [349]). Several different kinds of external 
forcing connected with increasing concentrations of greenhouse gases, aerosols 
and stratospheric ozone appear to be capable of introducing a response in the 
AO pattern. 

The basic structure of the variability of the AO /NAO patterns results from 
the internal dynamics of the atmosphere. This means that the AO and the 
AAO are free internal modes of tropospheric variability that will occur in the 
absence of any external forcing. Such variability results form strong nonlinear 
interactions between the time-mean flow and the planetary or baroclinic wave 
systems. In particular, poleward eddy momentum fluxes interact strongly with 
the zonal flow to sustain north-south displacements of the mid-latitude west
erlies. In the Southern Hemisphere the interaction is primarily between the 
zonal flow and the transient baroclinic wave systems with periods between 2 
and 6 days. Contrary in the Northern Hemisphere, the transient wave systems 
are also important, but momentum fluxes by quasi-stationary waves dominate 
the zonal momentum balance in the Atlantic sector. 

The changes of the sea level pressure between high and low index NAO 
years as well as the NAO index from 1864 to 1996 were determined by Hur
rell [488]. This tropospheric pattern of climate trends during the past few 
decades is in the stratosphere connected with rapid cooling and ozone deple
tion in the polar stratosphere of both hemispheres, coupled with an increas
ing strength of the wintertime westerly polar vortex and a poleward shift of 
the westerly wind belt in the troposphere and at the earth's surface. This 
tropospheric-stratospheric interaction induced by natural modes, greenhouse 
gases or ozone depletion can cause strong changes in the vertical and merid
ional fluxes of heat and momentum transports by planetary waves as suggested 
by Hartmann et al. [433]. 

2.2.4 Regional Circulation Systems 

Regional circulation systems are embedded into the large-scale circulation 
structures of the mean sea level pressure. One important regional circulation 
system is connected with the Indian Monsoon and the seasonal variation of 
the mean sea level pressure over Asia. This regional circulation system devel
ops in winter as the response to the large thermal gradients between the cold 
Asian continent to the North and the warmer Indian Ocean to the South. 
In summer the thermal gradient between the warm Asian continent and the 
cooler Indian Ocean results in a strong south westerly flow in the lower tropo
sphere which brings a substantial supply of moisture to India. The stability of 
the monsoon systems from year to year is remarkable. Although weak mon
soons are frequently associated with SST anomalies in the EI Nino region, also 
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other slowly varying boundary conditions, such as soil moisture, vegetation 
and Eurasian snow cover may influence the behavior of the monsoon. The 
Indian summer monsoon is primarily maintained by the land-sea tempera
ture contrast. An anomalous increase in snow cover over the Tibetan plateau 
may reduce the land-sea contrast and weaken the monsoon circulation, as 
pointed out by Slingo [983]. Regional climate models have been used to study 
the influence of regional circulation systems on the climate of a special area, 
starting with the work of Dickinson et al. [243]. An application to the Arctic 
atmosphere was done by Dethloff et al. [237]. 

Another example of regional circulation systems connected with the ther
mal and orographic contrast between the cold continent and the surrounding 
warmer ocean occur over Antarctica and Greenland. So called katabatic wind 
systems caused by air that cools over a cold surface, like ice, becomes heav
ier than the surrounding air and flows down an incline. The strong regional 
influences of katabatic wind systems on the precipitation and evaporation 
conditions over Greenland and the influence of circulation changes connected 
with the NAO have been discussed by Rinke et al. [879] and Dorn et al. [253]. 

2.3 Sources of Climate Variability 

2.3.1 Solar Radiation Changes 

There are two distinct sources of variability in the radiation from the sun. 
The first is related to variations in the orbital parameters. It is widely ac
cepted, that the seasonal and latitudinal variations of solar radiation caused by 
changes in the earth-sun geometry with long time scales in the Milankovitch 
band are responsible for climate changes. The climate system seems to respond 
to quasi-periodic insolation forcing in each of the three major Milankovitch 
frequency bands, 23 kyrs, 41 kyrs, and 100 kyrs [65]. These orbital changes 
have been shown to have produced changes in the seasonal cycle of solar radia
tion for the last 18,000 years [573]. Compared to the current climate conditions 
the seasonality of solar radiation was greater during the period from 12 to 6 
kyrs BP, reaching a maximum around 9 kyrs, when solar radiation was great
est in Northern summer. In the Southern hemisphere the seasonality of solar 
radiation was less pronounced around 9 kyrs than at present. 

A conceptual model of the climate response to such insolation variations 
is based on the different heat capacities of land and water. The smaller heat 
capacity of land compared to the ocean causes the response of surface temper
atures to insolation changes to be much larger over land than over the oceans. 
This leads to temperatures over the northern continental interiors as much as 
5°C warmer in summer around 9 kyrs than at present, whereas the North
ern oceans were only about 1°C warmer. Correspondingly Northern winters 
would have been colder than at present. The warmer summers and colder 
winters would have increased the monsoon circulations during summer and 
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winter. The second source of variability is due to changes in the ultraviolet 
part of the solar spectrum which take part over the eleven year sunspot cycle. 
These changes induce variations of no more than 0.1 % in the total irradiance. 
Spaceborn measurements for the last decade indicate changes of 1 W 1m2 in 
the solar constant. The question of larger changes over longer periods have 
been considered by Hoyt and Schatten [471] and Cubasch et al. [209], who 
computed temperature changes smaller than 0.3° C over the last 300 years as 
a result of changes in the solar constant. Proxy data do not deliver hints on 
stronger changes in the solar constant. Although variations in solar insolation 
and solar activity are observed, the impact on the climate system seems to 
be relatively small. A more comprehensive discussion of solar variability was 
given in [54]. 

2.3.2 Greenhouse Gases and Aerosols 

A main external influence on climate is connected with the concentration in
crease of several greenhouse gases like water vapor, carbon dioxide, methane, 
nitrous oxide and the fluorocarbons due to human activities or due to non
anthropogenic greenhouse gas sources, e.g. oceanic methane eruptions, and 
natural biogenic sources. The concentration of carbon dioxide and methane 
during the last 160,000 years has been determined from ice core measure
ments from Vostock, Antarctica. These measurements indicate considerable 
long-term variations, broadly correlated with temperature fluctuations. At the 
end of the last glaciation the carbon dioxide concentration grew to the pre
industrial value of 280 ppm, which has presently increased to around 365 ppm. 

Since the greenhouse gases become well mixed within short times, they are 
globally distributed and could have lead to global warming [494]. By means of 
climate model simulations the range of equilibrium global climate sensitivity 
to doubled carbon dioxide has been determined to be between 1.4 and 5.8°C. 
These differences between different models are probably caused by different 
strengths of climate feedbacks, especially the sea-ice albedo and the cloud
water vapor feedbacks. Water vapor feedbacks are very uncertain, since water 
vapor is not accurately measured and tropospheric temperature changes in 
the past 20 years, when satellite data are available, have been small. Hansen 
et al. [426] determined in a general circulation model (GCM) simulation the 
contributions to global mean temperature differences between 18,000 BP and 
today's climate and showed that the cloud and water vapor changes con
tributed with 40% to the cooling at the last ice age. 

Another important forcing factor of climate changes is the aerosol loading 
of the atmosphere. In historical times volcanic eruptions have been an impor
tant natural cause of climatic changes on many time scales. The radiative and 
chemical effects of aerosol clouds produce nonlinear responses in the climate 
system. By scattering the solar radiation back to space, aerosols lead to a 
cooling of the surface, but by absorbing both solar and terrestrial radiation, 
the aerosol layer heats the stratosphere. 
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Large volcanic eruptions inject sulfur gases into the stratosphere, which are 
converted to sulfate aerosols and can destroy the stratospheric ozone layer. 
For a tropical volcanic eruption, the aerosol heating of the stratosphere is 
larger in the tropics than in high latitudes, producing an enhanced meridional 
equator-pole heating gradient, which produces a stronger polar vortex in win
ter, connected with a characteristic quasi-stationary tropospheric planetary 
wave pattern. In such a way, aerosols could change the large-scale circula
tion structures in the troposphere through advective effects, as discussed by 
Robock [889]. 

2.3.3 Internal Circulation Modes 

One of the basic properties of the climate system is its nonlinear nature. 
Thus infinitesimal changes or uncertainties in the initial conditions are rapidly 
spreading to the whole spectrum of atmospheric motions as a result of non
linear interactions. Even the large-scale atmospheric structures which dom
inate the seasonal circulation can change. Disturbances in the initial state 
can lead to different types of circulation patterns, particularly in high lati
tudes, which can result in strong westerly flows or alternatively in a blocking 
pattern. As a result, the atmosphere fluctuates on a broad time scale and 
undergoes strong interannual variations, but the mechanisms of this variabil
ity are not yet understood. Long-term integrations with simple atmospheric 
models showed pronounced climate signals on the decadal time scale due to 
internal nonlinear processes. James and James [500] integrated a simplified 
atmospheric circulation model without orography over 1.100 years and de
tected a red spectrum, with strongest variability on the decadal time scale, 
excited by the internal nonlinear dynamic. James et al. [501] showed, that the 
atmospheric low frequency variability was caused by stochastic contributions 
but also by the low-dimensional nonlinear dynamics. Kurgansky et al. [569] 
detected decadal climate variability in a barotropic low-order model of the 
atmosphere and Dethloff et al. [240] in a baroclinic atmospheric low-order 
model. 

Atmospheric climate variability is connected with fluctuations of the mean 
zonal wind, particularly in mid-latitudes. Hence, the interaction between the 
planetary waves and the mean zonal flow is of great importance for an im
proved understanding of low frequency climate variability. De Weaver and 
Nigam [242] have shown that momentum fluxes generated by stationary waves 
are the most important source for anomalies of the mean zonal flow. Station
ary waves can be initiated by transient eddies, particularly by up-scale energy 
transfer from transient eddies to larger wave numbers. Diabatic processes tend 
to dominate in the subtropics, whereas in mid-latitudes orography is more 
important. Developing cyclones influence the orientation of topographically 
forced troughs. 

Figure 2.1 shows the temporal behaviour of the first spectral component of 
the barotropic stream function by integrating our highly simplified baroclinic 
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Fig. 2.1. Temporal behavior ofthe first spectral component of the barotropic stream 
function by integrating a two-layer atmospheric low-order model over 10.000 years. 

low-order model of an idealized atmosphere with constant forcing over 10,000 
years. These large-scale fluctuations are a result of natural interactions and 
the nonlinear interplay between the orographically and thermally forced plan
etary wave patterns and instable baroclinic systems, as described by Dethloff 
et al. [240]. The model oscillates between a quasi-periodic and a chaotic at
mospheric circulation state. The quasi-periodic state in Fig. 2.2 corresponds 
to a high-index state with strong zonal flow. 

The chaotic state resembles a low-index state with strong planetary waves 
and a blocking pattern. If the atmosphere operates in the low-index circulation 
state, a strong interaction between tropical and high latitudes via planetary 
wave propagation occurs. In such a circulation mode, a tropical volcanic erup
tion would trigger feedback mechanisms with polar regions and sea-ice albedo 
effects become important. If the atmosphere operates in the high-index circu
lation state, the meridional interaction via planetary wave pattern is weak. 

Figure 2.3 shows the wavelet transform spectra of the first principal com
ponent of the barotropic stream function by integrating an atmospheric low
order model over 10,000 years. Dominant periods exist on the decadal time 
scale as well as on the millennial time scale only as a result of the nonlinear 
dynamics of the atmospheric system. These long time scales exist even in the 
absence of oceanic processes or other processes with long term memory. 

First long-term runs with complex GeMs over 1,000 years have been an
alyzed by Manabe and Stouffer [682] and by von Storch et al. [1112]. These 
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Fig. 2.2. Stream function of the quasi-periodic high-index state with a strong zonal 
flow (top) . Stream function of the low-index state with a planetary wave blocking 
(bottom) . 

investigations show that the nonlinearity of the climate system and the con
nected teleconnections between geographically remote areas are largely de
termined by the large-scale processes of the atmosphere. So far, studies with 
complex coupled circulation models of the atmosphere and the ocean mostly 
concentrate on the oceanic variability (see [588]), while some examinations 
identify the preferred decadal and interdecadal modes of the climate variabil
ity as coupled atmosphere-ocean modes. 

Based on the hypothesis that climate variability can be understood by 
changes in the frequency of the occurrence of preferred atmospheric circula
tion regimes, it was investigated whether coupled atmosphere-ocean climate 
models of different complexity have the potential to simulate natural atmo
spheric circulation regimes. Therefore, lOOO-year long integrations of coupled 
GeM's with constant external forcing have been analyzed. In order to identify 
atmospheric circulation regimes, the probability distributions of atmospheric 
variables in a reduced phase space have been calculated for simulations with 
the coupled models, as discussed by Weisheimer et al. [1146] and Handorf et 
al. [425]. Significant non-Gaussian uni-, bi-, and trimodal probability density 
functions have been found in different lOO-year segments. This presents evi-
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Fig. 2.3. Wavelet transform spectra with dominant periods in the decadal time 
scale range of the first principal component of the barotropic stream function over 
the lO,OOO-year long simulation with an atmospheric low-order model (left). The 
same for the millennial time scale (right). At both ends, dash-dotted lines separate 
regions where edge effects become important. The thick contour envelopes areas 
greater than 95% confidence for a corresponding red noise process. 

dence that climate variability could be described by changes in the frequency 
of the occurrence of preferred large-scale circulation states, in this case be
tween the positive and negative phase of the NAO. The coupled atmosphere
ocean models ECHAM3/LSG as well as ECHO-G seems to underestimate the 
observed natural variability in comparison with data, as shown by Handorf 
et al. [425). The fact, that the ECHO- G control run underestimates observed 
climate variability is partly caused by the excluded variations in external forc
ing factors. Partly this underestimation could be the result of the somewhat 
artificial empiric flux corrections used in coupled models. The most domi
nant patterns of climate variability in the lOOO-year long integrations with 
the ECHO- G model are connected with the NAO pattern, which are in quali
tative agreement with the NAO pattern based on NCEP reanalysis data from 
1948 to 2001, we show in Fig. 2.4. 

The change in the N AO pattern exerts also a strong influence on the sea-ice 
variability as shown in Fig. 2.5. The mean sea-ice cover and its standard devi
ation averaged over the lOOO-year simulation with the ECHO-G model shows 
a good agreement with the observations of Deser et al. [236). We show the 
most dominant pattern of sea-ice variability in Fig. 2.5, described by EOF 1, 
containing a region of large variance at the Southern coast of Greenland. The 
wavelet analyses of the corresponding time series (PC1) reveal statistically sig
nificant intermittent fluctuations with preferred time scales between 40 and 
50 years. This result underlines the importance of natural fluctuations in ob
served changes on the decadal time scale. As discussed in [253) the currently 
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Fig. 2.4. EOF 1 of geopotential height at 500 hPa from the 1000-year integration 
for ECHO- G (left) , and from the NCEP reanalysis data from 1948 to 2001 (right). 
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Fig. 2.5. EOF 1 of sea-ice thickness (%, to be multiplied with 100) at the surface 
from the 1000-year integration of ECHO-G (left) , and the corresponding wavelet 
coefficients (right) , as described in Fig. 2.3. 

observed high latitude warming could be connected with natural circulation 
changes within the realm of historic variability. The detection of anthropogenic 
climate change in observations and the validation of climate models both rely 
on understanding natural climate variability. To evaluate internal climate vari
ability, Bell et al. [63] applied spectral analysis to time series of surface air 
temperature from nine coupled general circulation model simulations, three 
recent global paleo-temperature reconstructions, and Northern Hemisphere 
instrumental records. The paleo-temperature reconstructions capture the gen
eral magnitude of northern hemisphere climate variability but not the precise 
variance and specific spatial, temporal, or periodic signals demonstrated in the 
instrumental record. The models achieved varying degrees of success for each 
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measure of variability analyzed, with no one model consistently capturing the 
appropriate variability. 

2.3.4 Ocean and Sea-ice Dynamics 

The principal role of the oceans in maintaining the current climate is the 
creation of heat reservoirs in tropical latitudes and the transport of this heat 
to polar latitudes. The patterns of atmospheric surface winds and heat and 
moisture exchanges with the atmosphere cause the water to circulate in global 
conveyor belts. In addition to the direct physical effects on the climate system, 
the global ocean affects the climate through chemical and biological processes. 

The primary energy source for the ocean is solar radiation, and the main 
part of the solar energy flux is absorbed in the top 100 m of the ocean. The heat 
flux is carried by turbulent mixing and convection, and mechanical energy is 
supplied by the atmospheric surface winds. In the mixed layer of the ocean, 
heat transport by convection and turbulent mixing is so efficient that temper
ature and salinity are almost independent of height. The oceanic mixed layer 
responds strongly to the annual cycle of insolation and atmospheric surface 
conditions. The transfer of momentum from the atmospheric wind systems 
mainly drives the oceanic circulation in the mixed layer. The oceanic surface 
currents are arranged in coherent patterns, called gyres, occupying the ma
jor oceanic basins. The poleward flux of warm water in the Gulf stream and 
the the Kuroshio currents has a profound effect on the sea surface temper
atures. Connected with these oceanic currents is the eastward advection of 
temperature in the atmosphere. 

The wind driven oceanic circulation transports warm surface water from 
the tropics to polar regions, where cooling and evaporation can increase its 
density to very large values. Therefore Significant downwelling of water occurs 
in the North Atlantic, and this water sinks down to the bottom of the ocean 
and then spreads southward. This direct meridional oceanic circulation cell 
is called thermohaline circulation, since it is driven by water density varia
tions which are related to sources of heat and salt. Wind driven and density 
driven oceanic circulations are very closely coupled, but wind driving has the 
strongest influence on oceanic currents at the surface and density driving dom
inates the oceanic flow at the depth. This deep water flow with its turn over 
circulation in the Atlantic Ocean constitutes a potential source of long-term 
memory for the climate system on time scales in the order of 1000 years. 

The vertical stratification in high latitudes is dominated by the vertical 
profile of salinity. During winter, very dense surface waters form at the surface. 
The temperatures get very cold under the harsh atmospheric conditions. The 
formation of sea-ice increases the surface salinity by rejection of salt during 
ice formation. 

A mechanism to explain natural climate variability on centennial and mil
lennial time scales involves fluctuations of the oceanic conveyor belts in the 
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deep thermohaline circulation. Numerical experiments with fully coupled cli
mate models of the atmosphere and the ocean by Manabe and Stouffer [683] 
suggested that this coupled atmospherEH>cean climate system may possess at 
least two stable equilibria, one with a thermohaline circulation in the North 
Atlantic as in today's climate with the influence of the Gulf Stream on the 
European climate and one in which the thermohaline circulation is weak. This 
was demonstrated by model simulations with identical external forcing con
ditions but different initial conditions. One initial condition with saline water 
in the North Atlantic leads to an equilibrium state with a thermohaline circu
lation. An initial condition with relatively fresh water in the North Atlantic 
has a rather weak or absent thermohaline circulation cell. 

In middle and high latitudes of the Atlantic Ocean, precipitation exceeds 
evaporation and atmospheric freshwater flux decrease the salinity and thus 
the density of the surface waters, originating from the tropics. If the thermo
haline circulation cell would not carry salty water from the tropics to polar 
regions, the source of salty water would be switched off, surface salinity in 
high regions would be further reduced by this feedback and the nonoperating 
thermohaline mode would be stabilized [850]. Whether the thermohaline cir
culation is operating or not has a substantial effect on the climate, because of 
the heat transported by the poleward current and the resulting differences in 
the sea surface temperatures between the two equilibrium states. 

2.3.5 Dynamics of Ice Sheets 

Ice sheets over land control the level of oceans and the atmospheric circula
tion patterns. A glacier or ice sheet is mainly established by accumulation 
mainly in the form of snow, while mass is lost through surface melting in the 
ablation zone and iceberg calving at the margins. Ice masses rarely achieve 
a steady state, since atmospheric conditions and accumulation are continu
ously changing. Additionally internal instabilities such as periodic surges may 
occur. Glaciers respond dynamically to changes in climate. The time scale 
for adjustment depends strongly on the size of the glaciers. Small mountain 
glaciers respond almost instantaneously to changes in climate, whereas the 
central Antarctica ice sheet may react to changes that occurred 100,000 years 
earlier. The reacting time of Greenland ice sheet lies between 1000 and 10,000 
years. 

Ghil [371] showed in a simple nonlinear model that inclusion of glacier 
dynamics in a coupled atmosphere-ice sheet-lithosphere model is sufficient to 
produce free oscillations of the climate system with a typical period of 100,000 
years. The feedback between ice sheets and stationary large-scale atmospheric 
waves has been investigated by Jackson [497]. Changes in the topography of 
the Laurentide ice sheet, a massive North American ice sheet of the last ice 
age, exerted a strong influence on the atmospheric stationary wave pattern. 
Variations in the size or the shape of the Laurentide ice sheet can be an 
important factor for climate variability on millennial time scales. 
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In simulations with GCM's the large ice sheets of Antarctica and Green
land are usually represented as fixed lower boundary conditions. This is a 
valid first approach because the time scales for changes in the geometry of 
these ice sheets are much longer than the integration times of the GCM. A 
fully coupled GCM with ice sheets would be required to study the interac
tions of large ice sheets with the atmosphere-ocean system during periods of 
transition from glacial to interglacial conditions. 

2.4 Spectrum of Climate Variability 

The purpose of the climate change detection and attribution research is to 
identify variability and trends in the climate system and to ascribe these 
changes to specific causative factors, whether natural or man-induced. Dis
tinguishing between natural and anthropogenic influences in a quantitative 
way is an important, but difficult task. Several combinations of natural and 
anthropogenic forcing could result in similar patterns of change. In addition, 
there are uncertainties in observations (forcings and responses) and the model 
physics in General Circulation Models that simulate the climate system. 

The spectrum of climate variability is determined by nonlinear interac
tions between the changes in the incoming solar radiation, its absorption in 
the atmosphere and the ocean and the initiation of large ice sheets which 
has a strong influence on the quasi-stationary atmospheric waves. Currently, 
coupled GCMs are not in the status of simulating long-time behavior up to 
the transitions from glacials to interglacials, since the full nonlinear feedbacks 
are not taken into account. Instead multi-millennia model simulations with 
unchanging external boundary conditions have been carried, e.g., [415]. To use 
the model outputs of such long runs as an identifier of the internal dynamical 
variability of the climate system, the model simulations need to be validated. 

The task of comparing GCM outputs to proxy data is a difficult and un
solved problem due to the inherent uncertainties and the ambiguity of the 
proxies. As stated by Weber and von Storch [1140] the signal-to-noise ratio 
of variability excited by external factors and of internally generated variability 
needs to be determined, and rapid events like the Younger Dryas might be 
interpreted as a forced or random shift from one climatic state to another in 
a multiple-equilibrium nonlinear system. 

Millennia and multi-millennia runs help to answer the question to what 
extent the observed low-frequency variability is related to internal dynamical 
mechanisms and, alternatively, to external forcing changes, like injection of 
volcanic aerosols, greenhouse gas concentrations, solar input, land use, vege
tation and orography changes. These complex relationships need to be under
stood in a framework of data and model tools as is the intention of the KIHZ 
project [757], [1107]. Data assimilation techniques have been designed to trans
fer the observational evidence as forcing terms into the evolution equations of 
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a dynamical GeM, to combine proxy data and GeM climate modelling via a 
nudging of the model's climate toward an observed paleoclimatic state. 

2.4.1 Decadal-centennial Time Scale 

IPee [494] stated 

that the precise magnitude of natural internal climate variability remains 
uncertain. The amplitude of internal variability in the models most often 
used in detection studies differs by up to a factor of two from that seen in 
the instrumental temperature record on annual to decadal time-scales, with 
some models showing similar or larger variability than observed. However, 
the instrumental record is only marginally useful for validating model esti
mates of variability on the multi-decadal time-scales that are relevant for 
detection. Some palaeoclimatic reconstructions of temperature suggest that 
multi-decadal variability in the pre-industrial era was higher than that gen
erated internally by models. However, apart from the difficulties inherent 
in reconstructing temperature accurately from proxy data, the palaeocli
matic record also includes the climatic response to natural forcings arising, 
for example, from variations in solar output and volcanic activity. Includ
ing the estimated forcing due to natural factors increases the longer-term 
variability simulated by models, while eliminating the response to external 
forcing from the palaeo-record brings palaeo-variability estimates closer to 
model-based estimates. 

Estimates of natural forcing have now been included in simulations over 
the period of the instrumental temperature record. Natural climate variabil
ity (forced and/or internally generated) on its own is generally insufficient 
to explain the observed changes in temperature over the last few decades. 
However, for all but the most recent two decades, the accuracy of the esti
mates of forcing may be limited, being based entirely on proxy data for solar 
irradiance and on limited surface data for volcanoes. There are some indi
cations that solar irradiance fluctuations have indirect effects in addition to 
direct radiative heating, for example due to the substantially stronger vari
ation in the UV band and its effect on ozone, or hypothesized changes in 
cloud cover. These mechanisms remain particularly uncertain and currently 
are not incorporated in most efforts to simulate the climate effect of solar 
irradiance variations, as no quantitative estimates of their magnitude are 
currently available. 

The representation of greenhouse gases and the effect of sulphate 
aerosols has been improved in models. However, some of the smaller forc
ings, including those due to biomass burning and changes in land use, have 
not been taken into account in formal detection studies. The major uncer
tainty in anthropogenic forcing arises from the indirect effects of aerosols. 
The global mean forcing is highly uncertain. The estimated forcing patterns 
vary from a predominantly Northern Hemisphere forcing similar to that due 
to direct aerosol effects to a more globally uniform distribution, similar but 
opposite in sign to that associated with changes in greenhouse gases. If the 
response to indirect forcing has a component which can be represented as 
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a linear combination of the response to greenhouse gases and to the direct 
forcing by aerosols, it will influence amplitudes of the responses to these 
two factors estimated through optimal detection. Progress has been made 
in reducing uncertainty, particularly with respect to distinguishing the re
sponses to different external influences using multi-pattern techniques and 
in quantifying the magnitude of the modelled and observed responses. 

The currently observed high latitude warming is a combination of internally 
and externally forced natural variability and anthropogenic sources, as dis
cussed by Barnett et al. [45]. But given the large model uncertainties and 
limited data, a reliable weighting of the different factors contributing to the 
observed climate change can not be given. In short, at this time the observed 
changes in global and large-scale regional climate can not be attributed to 
anthropogenic forcing alone. The anthropogenic signal is comparable in mag
nitude to the upper limits of the natural climate noise. Such a low signal to 
noise ratio makes clear attribution statements difficult. 

The instrumental record of the past 150 years underestimates the range 
of natural climate variability across all temporal time scales. The estimated 
global-scale temperature patterns and climate forCing factors over the past 
600 years have been determined by Mann et al. [688]. The Little Ice Age was 
a several century long global cooling period ending in the 19th century. As 
discussed by Overpeck [787] globally synchronous cold periods longer than 
one or two decades did not occur within the last 500 years. Multidecadal 
regional or continental scale temperature anomalies were common. Mann et 
al. [689] showed that interdecadal (15-35 years) and multidecadal (50-100 
years) frequency bands exist in global proxy data during the past 500 years. 
Esper et al. [285] provided a new and important vision of the detailed course 
of changing temperatures throughout the last millennium using many new 
data. This new record differs from the IPCC [494] estimation, which based 
on the 1000 year reconstruction of Mann et al. [687]. Briffa and Osborn [123] 
stated that in the annual temperature estimates both records differ by about 
0.7°C. On the evidence of these new series the last millennium was much 
colder than previously interpreted. The warming of the 20th century is seen 
more clearly and the data of Esper et al. [285] provides evidence for greater 
climate swings in the last 1000 years than has yet been generally accepted. 
As Briffa and Osborn [123] stated, more independent reconstructions based 
on improved proxy data are needed, before we can say whether 21st warming 
is likely to be nearer to the top or the bottom of the latest IPCC range of 1.4 
to 5.8°C. 

Stouffer et al. [1018] compared the variability of surface air temperature 
in three 1000 year long coupled atmosphere-ocean GCM integrations using 
the ECHAM3 model of the Max Planck Institute Hamburg, the GFDL model 
of Princeton and the Hadley Centre model Bracknell. It was shown, that 
the preferred patterns of interdecadal variability, described by the Empirical 
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Orthogonal Functions, are common to all three models. The models agree 
on the most prominent patterns of variability, however the amplitudes of the 
dominant modes of variability differ between the models and observations. 
Stouffer et al. [1018] stated that in order to perform meaningful detection or 
attribution studies of human impact on the observed climate, measures of the 
internally generated variability on long time scales are needed. 

Jones et al. [512] discussed the influence of large-scale teleconnection pat
terns like ENSO, NAO and AO on the temperature trends. The recent trend 
to a more positive NAO pattern may have occurred several times since 1500. 
Uncertainties will only be reduced through more spatial sampling of diverse 
proxy climatic records. Paleoclimatic data offer the best and the only hope of 
validating the low-frequency behavior of climate models. They add a critical 
element to the detection and attribution problem that will never be possible 
from a comparison of twentieth century model simulations and instrumental 
observations alone. 

Lean and Rind [594] and Robertson et al. [886] systematically examined 
the climatic response to forcing of climate variability, including random vari
ability of the atmosphere, random or forced variability of the ocean, solar 
variability, volcanic aerosol loading of the atmosphere and variability of at
mospheric trace gases. Different geographical patterns resulted from different 
forcings. The cooling of the North Atlantic due to the thermohaline circu
lation shutdown mostly affects the regions adjacent and downstream of the 
North Atlantic. However as a result of differential heating of land and ocean, 
regional changes in the atmospheric circulation and advection patterns occur 
and the maximum cooling in response to decreased insolation is over inland 
regions far from the oceanic influences. 

However proxy data based reconstructions show poor correlations com
pared to early instrumental data. Most proxy data may not be simple mea
sures of near surface temperatures but are some type of complex measures of 
climate change influenced by different factors like precipitation, atmospheric 
circulation patterns and local weather changes. 

Circulation regimes have been determined by Kageyama et al. [518] for 
the present day climate and the climates of the last glaciation, 115,000 years 
ago, and the Last Glacial Maximum, 21,000 years ago. Weather regimes are 
defined as the most recurrent patterns in the 500 hPa geopotential height, 
using a clustering algorithm method. For the ice age simulations, additionally 
changes in the boundary conditions are considered, e.g. insolation forcing, 
carbon dioxide concentration and land-surface conditions as vegetation and 
land-ice distribution. 

For the present climate in the Northern Hemisphere extratropics, the in
traseasonal variability of the atmospheric circulation can be described by tran
sitions between a small number of circulation regimes. The European winters 
can often be reminiscent of a zonal or blocked regime. The zonal regime is 
characterized by a relatively warm, wet and anomalously perturbed weather 
over most of Europe, while anticyclonic, dry and cold conditions prevail dur-
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ing blocked periods. These circulation regimes are in such a way strongly 
linked to local weather conditions, characterized by surface temperatures and 
precipitation. These regimes are also strongly linked to global teleconnections 
like NAO. 

The inception of the glaciations 115,000 and 21,000 years ago were pri
marily triggered by changes in the orbital forcing alone in rough agreement 
with Milankovitch [726], which imply warmer winters and colder summers in 
the Northern Hemisphere. The forcing is not very large, but if the summers 
are cold enough, all the snow accumulated in winter can not melt and glacier 
formation starts. The albedo of snow is high, which tends to maintain low 
temperatures, which in turn favours a longer duration of the snow cover and 
more snowfall rather than rainfall. For ice-sheets growth sufficient snow fall 
is needed. Storm tracks constitute the main source for precipitation in areas 
where ice sheets have developed. It was found that the regime populations 
are quite different for these different climates, with an increase of the model's 
blocked regime and a decrease in the zonal regime 115,000 years ago. This 
circulation structure is connected with a northward shift of the storm tracks 
and a decrease in precipitation over the eastern Atlantic and southern Europe. 
A northeastward shift to the tail of the current Atlantic storm track occurred 
at the inception of the last glaciation, which would favour more precipitation 
over the site of growth of the Fennoscandinavian ice sheet. In this way the 
changes in boundary conditions lead to changes in the occurrence of circula
tion regimes and changed storm tracks, which deliver the precipitation for the 
growth of the ice sheets. At the time of the last glaciation 21,000 years ago a 
strong anomaly in storminess, a marked eastward shift and strengthening of 
the storm tracks occurred. The circulation of the last glaciation is more zonal 
and stronger. 

The results of Kageyama et al. [518] show the nonlinearity of climate 
changes on paleoclimatic time scales. The atmosphere responds to a orbital 
forcing on decadal time scales mainly by an increase in the population of 
the blocking regimes and a decrease of the zonal flow regime. The nonlinear 
circulation regimes are sensitive to large changes in the boundary forcing 
conditions and exert via heat and moisture fluxes a strong nonlinear feedback 
to the external boundary conditions, like the ice sheet growth. 

2.4.2 Millennial Time Scale 

It is now recognized that, at planetary scales, multiple equilibria occur also in 
the coupled climate system if a biosphere has been included. Ecosystems are 
important regulators of the climate and chemistry of the atmosphere, and the 
interaction between the climate system and the biosphere is a two-way pro
cess. For instance, at large scales vegetation and soil properties influence the 
climate, in part by controlling the amount of radiation reflected or absorbed 
and by regulating the rate of evapotranspiration. Advances in understanding 
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this interplay between the planetary ecosystem and climate are evident in ef
forts to connect paleobiology and paleoclimate. Recent work on the sensitivity 
of climate models to changes in the distribution of vegetation has been estab
lished, for example, that biogeophysical feedbacks can be of major significance 
for the climate. 

The climate of 6000 BP presents a particularly important illustration. Key 
features of the climate and ecosystem distribution of 6000 BP include the 
more poleward extent of northern forests and the greatly expanded African 
and Asian monsoon regions, with vegetation and lakes in areas that are now 
arid. The extensive coverage of paleodata describing the state of the terrestrial 
biosphere, in particular the distribution of ecotones at .6000 BP, provides a 
decisive standard against which the evaluate models of the climate system in
cluding the terrestrial biosphere. Claussen [165] suggested that under present 
orbital conditions the coupled African vegetation-monsoon system possesses 
two stable states, the relatively arid present state and an alternative state in 
which parts of the western Sahara are vegetated and the subtropical anticy
clone is located far to the west. The alternative state can only be reached 
from a differently vegetated initial land surface. On the other hand, under 
6000 BP orbital conditions, the coupled climate-dynamic vegetation system 
converges on a green Sahara consistent with the pattern of ecotones shown by 
the paleodata. 

The Younger Dryas is an abrupt and very marked millennial-scale cooling 
episode between 12,800 and 11,000 BP. Multiparameter records from Green
land ice cores provide the clearest evidence of abrupt deglacial climate changes 
during that time. The Antarctic Cold Reversal from the Vostock ice cores ap
peared to preceed the Younger Dryas from Greenland ice cores by at least 1000 
years. These data suggest that such climate changes originated in the Southern 
Hemisphere and that they spread to the Northern Hemisphere. The under
standing of the mechanisms of such a coupling between both hemispheres 
is rather poor. Correlations between the Younger Dryas with strengthened 
summer monsoon has been indicated by An et al. [29]. 

There are many indications that the atmosphere cold event was associ
ated with abrupt shifts in the ocean circulation (e.g., [133], [700]). It resulted 
from the effects of glacial meltwater on ocean thermohaline circulation and a 
dramatic decrease of northward heat transports. The Younger Dryas was one 
of many abrupt millennial scale warm-cold oscillations that took place dur
ing the last glacial period. These oscillations indicate a reorganization of the 
atmosphere-ocean system and has been called 'Dansgaard-Oeschger events'. 
They are terminated in massive discharges of icebergs into the North At
lantic. These discharge events, called 'Heinrich events' appear to be related 
to instabilities in the glacial ice sheets, particularly in the North American 
Laurentide ice sheet and result in abrupt changes in oceanic circulation and 
the circumpolar North Atlantic climate. 

A widely accepted hypothesis is that iceberg and meltwater pulses from 
wasting ice sheets diluted the surface ocean with less dense water thus shut-
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ting down the thermohaline circulation and the North Atlantic deep water 
formation and causing reduced heat transfer from subtropical to subpolar re
gions and cooling the high latitudes around the North Atlantic, as discussed 
by Broecker et al. [131], [133]. There are hints that the similar deglacial oscil
lations occurred in the North Pacific which indicate synchronous response of 
the climate system to the changes in the North Atlantic. Since the water flow 
from the North Atlantic to the North Pacific within the conveyor belt takes 
about 1000 years, the oceanic coupling is too slow to explain the synchronic
ity. Communicating via atmospheric feedbacks should be taken into account. 
Mikolajewicz et al. [723] used the ECHAM3/LSG coupled atmosphere-ocean 
GCM and showed that during the Younger Dryas the temporary shutdown of 
the thermohaline circulation and the cooling of the North Atlantic resulted 
from meltwater input. The cooling occurred not only over Europe, but also 
over the whole Northern Hemisphere and reached the North Pacific primarily 
through the atmosphere. The influence and the contributions of atmospheric 
and oceanic feedbacks in this process are not yet clear. 

2.4.3 Glacials and Interglacials 

The three orbital periods 100 kyrs, 41 kyrs and 22 kyrs dominate the climatic 
records of polar ice caps, marine and continental sediments. The 100,000 year 
cycle is strong everywhere. The 41,000 year obliquity rhythm is strong in the 
temperature records at high latitudes and diminishes southward of 40oN. The 
21,000 year precession cycle is very strong near 400N and decreases north
ward. The various patterns of response to insolation changes depend on many 
factors, like local changes on oceanic heat storage, changes in the general cir
culation of the atmosphere, variations in iceberg and meltwater fluxes from the 
Northern Hemisphere ice sheets and corresponding influences on the oceanic 
circulation as pointed out by Duplessy [262]. Although it is assumed that the 
transitions from glacials to interglacials are mainly connected with insolation 
changes, there are increasing hints that internal instability processes in the 
coupled atmosphere-ocean-sea-ice system could trigger fluctuations around 
10,000 years as investigated by Haarsma et al. [415]. They presented for the 
first time a 40,000 year simulation with the coupled atmosphere-ocean-sea-ice 
model of moderate complexity ECBILT for present boundary conditions and 
fixed orbital parameters, atmospheric chemical composition, ice sheets and 
land-sea distribution. This study is the first to report the occurrence of rapid 
climate changes in a coupled climate model in which the atmospheric circu
lation, the oceanic circulation and the sea-ice coverage are computed interac
tively without the use of a flux correction. The climate of this model displays 
quasi-periodical behavior with a period of approximately 13,000 years which 
is characterized by large changes in the oceanic overturning cell of the South
ern Hemisphere, a strong coupling between both hemispheres. The model did 
not require any orbital forcing. Variations in the North Atlantic overturning 
are closely related to those of the Southern hemisphere overturning cell with 
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a strong and a weak cell. The sea-ice changes are crucial for the ultra-long 
quasi-periodical behavior of the oceanic circulation in the simulations. 

Haarsma et al. [415] showed that multiple steady states exist in the coupled 
climate system and that small climate changes can result in large changes of 
the thermohaline oceanic circulation. Quasi-periodical behavior with rapid 
transitions between different quasi-stationary states on the decadal time scale 
can occur. Goosse et al. [388] described thermodynamic feedbacks between 
sea-ice and the atmosphere, which are very important for decadal variability 
of the Northern Hemisphere sea-ice volume. 

2.4.4 Sudden Clhnate Changes 

Many rapid climate transitions occurred on time scales of centuries to decades. 
All the evidence indicates that most long-term changes occur in sudden jumps 
rather than incremental changes. Various mechanisms have been invoked to 
explain these sudden regional and global changes and transitions: 

• North Atlantic circulation as trigger or amplifier in rapid climate changes: 
Salinity changes occur as a result of stronger precipitation in a world with 
increased carbon dioxide or owing to natural fluctuations in the atmo
spheric water vapor content and enhanced river runoff or river draining 
into the Arctic Ocean. These salinity changes have the potential to affect 
the thermohaline circulation. 

• Carbon dioxide and methane concentrations: The atmospheric carbon 
dioxide content was 30% lower at the peak of glacial phases than dur
ing interglacial conditions, but these changes were very slowly. More quick 
changes have been observed in the atmospheric methane content. Although 
the observational evidence is weak, sudden and short-lived releases of mas
sive amounts of methane from the ocean floors could have resulted in rapid 
warming phases. 

• Surface albedo of ice, snow and vegetation: Ice cover on sea and snow 
cover over land have the potential to set off rapid climate changes, because 
they can appear or disappear rapidly. These changes are mainly caused by 
atmospheric anomalies on the decadal time scale. 

• Water vapor as feedback: The atmospheric water vapor can vary rapidly 
and could be a major trigger or amplifier in many sudden climate changes 
together with clouds and aerosols, connected with changes in vegetation. 

• Dust and particles as feedback: The atmospheric content of dust and parti
cles from fires, volcanoes, vegetation changes, minerals and sulfate particles 
changed rapidly over just a few decades during sudden climate transitions 
in Greenland. Dry and cold air in the Arctic, stable inversion layers that 
block sunlight and prevent rain-giving convective processes could exert a 
strong climatic influence on the climate system. Especially important are 
Arctic Haze events due to sulfur and aerosol transports into the Arctic 
from industrial areas further south. 
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• Internal modes of atmospheric variability and multiple equilibria: The 
above mentioned feedbacks in sudden climate changes are strongly de
pendent on the circulation mode of the atmosphere. A preferred low-index 
circulation leads to a strong interaction between processes in tropical and 
polar latitudes and between the tropo- and stratosphere via planetary 
wave propagation. Feedbacks exists also between the atmospheric dynam
ical patterns and the stratospheric ozone layer. 

• Nonlinear coupling of the climate subsystems: The possibility of abrupt 
shifts in the climate system exists as a result of nonlinear interactions be
tween the various components of the climate system including atmospheric, 
oceanic and sea-ice and biospheric and chemical processes. 

The mechanisms behind all past climate changes, whether or not they oc
curred suddenly, are incompletely understood. We do not know the cause of 
decadal time-scale changes which occurred in the past, so we are handicapped 
in trying to find mechanisms which might explain future events. The possi
bility of abrupt shifts in the climate system really exists. Haarsma et al. [415] 
showed that the modelling of rapid climatic changes requires computation of 
the nonlinear interactions between the various components of the climate sys
tem and to consider the whole frequency spectrum of atmospheric, sea-ice and 
oceanic processes. In the current discussion, the switch between the different 
multiple circulation states of the ocean determines the rapid climate changes 
on paleoclimatic time scales. 

Jackson [497] discussed another mechanism which can lead to global cli
mate changes via atmospheric wave pattern on short time scales. A source of 
climate variability on millennial time scales is the Laurentide ice sheet in its 
periodic discharge of large quantities of icebergs to the North Atlantic. Jack
son [497] showed that regional variations in the topography of the Laurentide 
ice sheet could exert a significant influence on the atmosphere's stationary 
wave circulation. A limited region of topography controls the atmosphere's 
response to topographic changes connected with a special area of the Lauren
tide ice sheet. A reduction in the height of ice sheet at a region leads to an 
increase in stationary planetary wave amplitudes. Because stationary waves 
contribute to poleward heat transports, an increase in the stationary wave 
amplitude would favour warmer temperatures over Greenland which occurred 
after Heinrich events. These atmospheric changes would occur on time scales 
of years. 

2.5 Conclusions 

In order to assess future climate changes and their possible anthropogenic im
pact more reliably, an improved understanding of natural climate variations is 
required. Despite all progress in climate modelling, the processes which cause 
natural climate variability on time scales from decades to centuries and thou
sands of years are not yet understood. Possible reasons for climate variability 
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on these time scales are the variability of external forcing factors, as solar 
variability or volcanic eruptions, and internal interactions between climate 
subsystems, like biosphere, atmosphere and ocean, and internally produced 
variability in the individual climate subsystems, especially in the atmosphere. 

The linear view of the climate problem assumed that climate is a bound
ary problem, but as a result of the underlying nonlinearity either in the atmo
sphere, the ocean or the biosphere the boundaries between the climate subsys
tems are dynamically evolving interfaces due to two-way feedbacks. Thus the 
atmospheric, the oceanic and the earth's surface parameters become depen
dent parameters which have be to predicted along with the dependent climate 
variables such as wind, temperature and precipitation. In this nonlinear way, 
precipitation structures, snow and ice cover, soil moisture distribution and 
landscape and glacier mask have to be treated as dynamically evolving de
pendent variables, even in paleoclimatic studies. This view needs long-term 
observations of climate variables and paleoclimatic data as well as simplified 
and realistic models which can be integrated over many millennia. In this way 
it will be possible to verify that changes are out-of-range of natural fluctua
tions of the climate system. 

Circulation regimes are usually considered to be a product of the inter
nal variability of the atmosphere, but they are sensitive to large changes in 
the boundary conditions as a result of the interaction between the quasi
stationary flow and the transient storm tracks. Different circulation regimes 
exist separated by potential walls. Stochastic forcing of the climate attractor 
by transient processes or external forcing of unknown strength might trigger 
regime transitions among the different nonlinear circulation states. 

Because of the possibility that different paleoindicators could be more 
sensitive to variations in one regime than in the others, the interpretation of 
paleoclimatic data should be revisited in the light of the circulation regime 
concept. The evolution of the climate system on long time scales is determined 
by the large-scale nonlinear dynamics of the interacting climate subsystems 
and external forcing factors. The nonlinear feedbacks via momentum, heat 
and moisture fluxes between relatively fast changes in preferred atmospheric 
circulation regimes and the slowly evolving subsystems ocean, sea-ice and ice
sheets are the processes responsible for the initiation of glacials or interglacials 
and the complex reorganization of the whole climate system. 

An improved understanding of the details of the complex interactions be
tween atmospheric and ocean dynamics and thermodynamics, the dynamics 
of the cryosphere and biogeochemical cycles over the full range of spatial and 
temporal scales is needed, including the regional to global scale climate vari
ability. The role of clouds, aerosols, and biogeochemical feedbacks in the ra
diative balance of the atmosphere and climate should be determined. A better 
understanding and quantifying of the atmosphere's and ocean's role in trans
porting, storing, and exchanging heat, moisture, freshwater, mass and chem
ical constituents is needed, and also a better understanding of anthropogenic 
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or natural perturbations in ozone, carbon dioxide, methane and aerosols on 
the composition of the atmosphere. 

Many rapid climate transitions occurred on time scales of centuries to 
decades. All the evidence indicates that most long-term changes occurs in 
sudden jumps rather than in incremental changes. Various mechanisms have 
been invoked to explain these sudden regional and global changes and transi
tions. These include North Atlantic circulation changes as trigger or amplifier 
in rapid climate changes, carbon dioxide and methane concentrations, surface 
albedo of ice, snow and vegetation, water vapor, dust and particles and in
ternal modes of atmospheric and oceanic variability as feedbacks in sudden 
changes. 

The mechanisms behind all past climate changes, whether or not they oc
curred suddenly, are incompletely understood. Currently we do not know the 
cause of decadal time-scale changes connected with long-term changes which 
occurred in the past, so we are handicapped in trying to find mechanisms 
which might explain future events. 
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A Discourse About Quasi-realistic Climate 
Models and Their Applications in 
Paleoclimatic Studies 

Hans von Storch 

Summary. The role and application of quasi-realistic climate models in paleocli
matic studies is reviewed. Conceptual aspects of modelling, such as the validation 
of positive analogs and the application of neutral analogs, are discussed. The math
ematical basis of quasi-realistic models and the major modes of applications are 
presented. An extended 'control run' and a transient simulation of the Late Maun
der Minimum episode (1675-1710) are used as a demonstration of the general ideas. 

3.1 Introduction 

When referring to models, a large variety of different concepts are meant, 
ranging from simple analogs like maps, to idealizations, conceptualizations, 
huge miniaturizations and, in particular in climate science, to a mathemati
cally constructed substitute reality [1106]. In the following an attempt is made 
to review the use of models in the field of paleoclimatic reconstructions. We 
deal with 

• Conceptual aspects of modelling (Sect. 3.2) 
• Quasi-realistic climate models ('surrogate reality') (Sect. 3.3) 
• Equilibrium, transient and data-driven model simulations for reconstruc

tion of historical and paleoclimate (Sect. 3.4) 

3.2 Conceptual Aspects of Climate Modelling 

3.2.1 General Aspects of Environmental Modelling 

Here, we follow the modelling concept suggested by Hesse [454] according 
to which reality and model have attributes, some of which are known to be 
shared (positive analogs), while others are unknown if they are common to 
reality and model (neutral analogs). 
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In fact, 'models' are to some extent like children's toy models - namely a 
simplified composition, which replicates some features of the original. In the 
case of a child's toy train, the model moves on tracks, wagons are coupled 
together and drawn by a locomotive and the like. When colliding, both model 
and real trains tend to derail (Fig. 3.1). 

Fig. 3.1. Toy train as a model. A positive analog of the toy train with real trains 
model is determined: A severe accident is taking place when both toy (left) or real 
trains (right) are colliding. From Barks, C., 1954: The Runaway Train. Walt Disney's 
Comics and Stories 195 

In Hesse's terminology, these are positive analogs. Other real world features 
are not available in the model; for example, in the example of the toy train, 
the engines is not driven by steam but by a mechanical clockwork. These are 
negative analogs. Are there neutral analogs? Maybe not for an adult, but for 
children there are plenty. In the example of Fig. 3.2, the expected timing and 
the location of the collision of two trains is estimated from an experiment 
with the toy trains , and adequate measures to mitigate the impact are taken. 

Fig. 3.2. Toy train as a model. The possibility to calculate the timing and location 
of the collision of the toy (left) and the real trains (right) is assumed to coincide 
(neutral analog). Based on a calculation with the toy trains, the location and timing 
of the collision of two real trains is estimated and efficient measures to mitigate the 
impact of the collision are prepared (constructive use of model). From Barks, 1954 
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Determining the positive analogs means to validate the model, while 
assuming the neutral analogs to be positive ones means to construc
tively use the model. The constructive part of a model is in its neutral 
analogs. 

Models are supposed to reflect reality. But they are not identical to reality: 
Models are smaller, simpler and closed in contrast to reality which is always 
open (for a more detailed account, refer to [1106)): 

• 'Smaller' means that only a limited number of the infinite number of real 
processes can be accounted for. In case of an atmospheric model or an 
oceanic model, the unavoidable discretization means that from the overall 
ranges of scales only a limited interval can be accounted for. A global at
mospheric model describes planetary waves and cyclones, but no boundary 
layer turbulence in any detail. 

• 'Simpler' means that the description of the considered processes is simpli
fied. For instance, surface friction of air blowing across the surface of the 
ocean is maintained by small scaled turbulent eddies, none of which can 
be resolved by the numerical model. Instead the overall effect is summarily 
described by 'parameterizations'. 

• 'Closed' means that models are integrated with a limited number of com
pletely specified external forcing functions. In case of the climate model 
discussed below, forCing factors like solar insolation and volcanic aerosols 
are crudely prescribed as estimated annual means. However, other factors 
like regional deforestation or desertification are not accounted for. As elab
orated by Oreskes et al. [783] is this an important philosophical limitation 
of environmental models, as it implies that the answer of a model may 
be 'right' because the model is 'correct' or because the model's 'error' is 
balanced by an unaccounted external influence. 

Because of these properties of models, they suffer from a number of limitations: 

• A model is describing only part of reality. For instance, in case of an 2-d 
energy balance model, the effects of stationary atmospheric waves (related 
to topography and land-sea contract) as well as the effect of unstable 
polar fronts is not resolved. Thus, the meridional transport of energy in 
such models is often maintained by a formulation reminiscent on diffusion. 

• The models can not be verified. We can not with certainty conclude that 
the model is producing 'right' numbers because of the 'right' dynamics. 
What we can do, is to validate the models by finding the simulated num
bers being consistent with the observations; we may add to the credibility 
to the model by analyzing the dynamical system and assuring that all first, 
or even all second order processes are adequately accounted for. 
However, even the most comprehensive validation is not providing cer
tainty about the skill of the models, when applied in the constructive 
mode, i.e., when statements are made beyond the empirical evidence the 
model has been validated against. 
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3.2.2 Specific Aspects of Climate Modelling 

When dealing scientifically with climate, there are a number of specifics which 
make the field different from, for instance, classical physics (cf. [750]). One is 
the impossibility to conduct laboratory experiments1 on the functioning of 
the system as a whole. Also, real world repetitions are unavailable, which oth
erwise may help to rigorously sort out if certain phenomena have emerged 
merely by chance or as a result of certain processes. Another specific is that a 
myriad of processes interact in the climate system. One could argue that the 
same situation would prevail in a gas, with enormous numbers of molecules 
interacting with each other and responding to radiation. However, the tem
poral and spatial scales of the climate processes vary widely, from e.g., the 
Hadley Cell in the tropical atmosphere to turbulent eddies in the wake of a 
plane. Moreover, the dynamics at different scales are different in character, 
and cannot be described by some similarity laws. Many of theses processes 
exhibit chaotic behaviour, with the overall effect that random-like variability, 
'noise', emerges on all spatial and temporal scales (cf. [1108]). In principle, 
the system is deterministic, but the many chaotic processes create a pattern 
of variability, which cannot be distinguished from the mathematical construct 
of random variations. 

Because of these specific features, two fundamentally different types of 
mathematical models are used in climate research. 

• One sort is 'quasi-realistic' and is supposed to be a substitute reality, 
within which the otherwise impossible experiments can be conducted. A 
representative of this type are 'General Circulation Models' of the atmo
sphere and the ocean. An alternative are models of 'intermediate complex
ity'. 

• The other type of model, named here 'cognitive', is highly simplified 
and idealized. Because of its reduced complexity such a model constitutes 
'knowledge'. Examples are a-dimensional energy balance models [203], but 
also Lorenz' butterfly [641] or Hasselmann's stochastic climate model [438]. 

In the following we limit our discourse to quasi-realistic (GCM-type) models. 

3.3 Quasi-realistic Climate Models ('Surrogate Reality') 

The main purpose of a quasi-realistic model is to provide scientists with an ex
perimental tool. As such, it is as complex as possible. Ideally, a quasi-realistic 
model generates numbers as detailed and complex as the real world (within 
the limits of spatial and temporal resolution). Modern climate models are 

1 Here, following Encyclopedia Britannica, we understand an experiment as "an 
operation carried out under controlled conditions in order to discover an unknown 
effect or law, to test or establish a hypothesis". 
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such quasi-realistic models. They feature detailed dynamical models (Gen
eral Circulation Models, GCMs) of the atmospheric, oceanic and (part of) the 
cryospheric dynamics. But, even if they are highly complex, their skillful re
production of real dynamics is limited to suffiCiently large-scales (e.g., [1077]) 
and to phenomena consistent with the present climate. 

The limitation with respect to scales is important for paleoclimatic studies 
as the formation of proxy evidence is taking place on regional if not local scales. 
Thus, the comparison of local estimates from geological archives with GCM 
output, on the grid point level, is often difficult (cf. [1105]). 

A widely used alternative to GCMs are Earth System Models of Intermedi
ate Complexity (EMICs) which often describe more climatic subsystems than 
the quasi realistic GCM-type models. However, the subsystems are described 
in less detail, so that that the overall simulations are much more efficient (in 
terms of computer time) but less detailed. For an overview, see [168]. 

3.3.1 GCM-type Climate Models 

Quasi-realistic models are mathematical models, based on differential equa
tions describing the fluid dynamics of air, seawater and ice. The differential 
equations used to describe the oceanic and atmospheric dynamics are usually 
the primitive equations.2 

For the ocean, they have the state variables 'current', with the horizontal 
components v h = (u, v) and the vertical component w, the density p, the 
salinity S, temperature T, and pressure p.3 

p (DU _ uv tan<p _ fV) = __ 1_8p' +:F 
o Dt a a cos <p 80 u 

( DV U2 ) 18p' 
p -+-tan<p +fu =---+:F 

o Dt a a 8<p v 

2 These equations are named 'primitive' not because they are simple, but be
cause they are considered the most genuine equations describing atmospheric 
and oceanic dynamics. In pre-computer times, these equations could not be dealt 
with, and more heavily filtered equations, like the quasi-geostrophic equations 
were analyzed. 

3 Of the seven state variables, only four are prognostic variables - namely the 
horizontal current, salinity and temperature - whereas the vertical component of 
the movement, the density and the pressure are diagnostic variables. The present 
state of 'prognostic' variables depends on the past state of the system's state vari
ables, whereas 'diagnostic' variables may be calculated from simultaneous state 
variables. The vertical component w is given by the divergence of the horizontal 
flow (3.1), because for the balance of mass, i.e. the continuity equation (3.1), 
density differences are considered irrelevant. The four thermodynamics variables 
p, T, Sand p may be expressed as functions of the other two - here the density 
and the pressure are expressed as functions of S and T. 



48 Hans von Storch 

8pl 
0= -- -gp' 

8z 
8w 

O=-+'\lh'Vh 
8z 

DS 
Po Dt = OS 

DT 
Po Dt = OT 

p' = P'(S,T,po(z)) 

(3.1) 

with I being the Coriolis term, a the radius of Earth, cp and () represent
ing latitudinal (north-south) and longitudinal (east-west) coordinates. The 
operators -g~, ~ and '\l h represent the material derivative, the partial deriva
tive and the horizontal divergence operator. Fu, Fv, Os and OT represent 
non-resolved source and sink terms, such as surface stress or radiation. The 
density P is expressed as a sum of a reference density Po and a dynamically 
relevant deviation p' from that reference. Also the pressure is written as a 
reference Po plus a deviation pl. 

The primitive equations for the atmosphere are similar4 • However, the 
state variable salinity is replaced by specific humidity q: 

p (DU _ uv tancp _ IV) = __ 1_8p +:F. 
o Dt a acoscp 8() u 

p (DV + u2 tancp + IU) = _! 8p +:F. 
o Dt a a 8cp v 

8p 
0= - 8p -gp 

~~ + p('\l. v) = 0 (3.2) 

Dq 
P Dt = Oq 
DT Dp 

cp Dt = Q + 0: Dt 

p = Rm(q)pT 

The differential equations given above are discretized, i.e., the differential 
operators are replaced by difference operators5 . This is done on a more or less 

4 The prognostic variables are the horizontal components of the wind, temperature 
and specific humidity, whereas vertical movement, pressure and density are diag
nostic variables. Again, any two thermodynamic variables are considered prog
nostic and the other two diagnostic. Differently from the situation in the ocean, 
the vertical movement is no longer considered to be given only by the horizontal 
divergence but also through the change of density (see continuity equation 3.2). 

5 An alternative to the use of difference operators is the Galerkin (spectral) method. 
In that case the equations are projected onto a finite-dimensional function space. 
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regular grid. As a result, the model operates no longer with continuous vari
ables but with averages formed for the grid boxes. Finally, the "non-resolved 
source and sink terms" are replaced by approximate formulations, which de
pend only on the grid box averaged variables (parameterizations) 

3.3.2 Purposes of Quasi-realistic Climate Models 

Quasi-realistic models in paleoclimatic studies are used for several purposes 
listed below. Obviously, the separation between the first three categories is 
blurred. 

• Dynamical tests of hypothesis. When hypothesis are derived from geolog
ical evidence, their dynamical consistency may be tested by a 'numerical 
experiment' with a climate model. An example is the effect an open Isth
mus of Panama may have on the global oceanic circulation [677). 

• Equilibrium runs are simulations of many years, with annually repeating 
forcing in terms of solar radiation and possibly other factors like vegetation 
cover. Other aspects like concentrations of greenhouse gases and volcanic 
aerosols and orbital parameters, topography of ice sheets are kept constant. 
Such runs simulate the equilibrium climate given certain constant external 
conditions, mostly contemporary conditions but also various paleoclimatic 
episodes ('time slices'). They are done by running the model over a long6 

time. They generate time series of complete and dynamically consistent 
data, representing the climate statistics conditioned upon the prescribed 
external forcing configuration. 

• In transient runs natural factors like solar radiations and anthropogenic 
factors like greenhouse gas concentrations are specified as time dependent, 
whereas 'slow' factors like orbital parameters are kept constant.7 Such 
simulations address 'transient' climate states, in which a time dependent 
forcing is preventing the climate to attain an equilibrium state. Scenarios 
of modern Global Warming have to be dealt in this way, but also paleocli
matic variations on time scales of years and decades need to be addressed 
in this manner. 

For the understanding of the character and problems of such models, this detail 
is not relevant, however. 

6 The term 'long' depends on the availability of contemporary 'supercomputer' 
powers, which is obviously changing in time. A simulation of 13 consecutive Jan
uaries (e.g., [1109]) was in the early 1980s a time-consuming task, as well as a 
hundred year simulation in the early 1990s (e.g., [205]) or a thousand years run in 
the mid 1990s (e.g., [1112]). At any given time, a long run is usually a simulation 
with a state-of-the-art model describing the atmospheric dynamics in detail and 
the oceanic dynamics without resolving the baroclinic eddy dynamics. The wall 
clock time of such simulations is sometimes of the order of several months. 

7 This statement is limited to climate models which describe atmosphere and ocean 
in detail, whereas ice sheets are mostly kept constant. 
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• A very recent application concerns the analysis of environmental states. 
Because of many degrees of freedom and practical barriers rendering cer
tain variables unobservable, a complete analysis of the state's system is but 
impossible. However, an intelligent use of dynamical knowledge encoded in 
quasi-realistic models allows for the dynamically consistent interpretation 
of sparse, and to some extent uncertain, observations [888]. Such tools are 
called data assimilation, and their output 'analysis'. Note that analyzes 
are merely best guesses of the real situation; it is a skillful approximation 
of the real situation; sometimes measures of certainty of the approxima
tions are given. 
In this way, consistent and complete data bases of the system are provided. 

Quasi-realistic models do not provide immediately knowledge. Being high
dimensional and complex, the numbers need a skillful analytical treatment 
before conclusions can be drawn. The knowledge is hidden in the numbers; 
to extract this knowledge, the output must be interpreted with the help of 
cognitive models, i.e., concepts derived from dynamical reasoning, or from 
statistical analysis of observational evidence and numerical simulations, or 
combinations thereof [1110]. 

3.4 Equilibrium, Transient and Data-driven Model 
Simulations for Reconstruction of Historical and 
Paleoclimate 

3.4.1 Equilibrium Runs 

The purpose of equilibrium runs is to simulate an equilibrium climate, given 
the repeated annual cycles of radiation and the constant values of greenhouse 
gas concentrations. Most equilibrium runs address present day climate - such 
simulations are named 'control' runs - but many others have been made to 
simulate specific paleoclimatic periods, like the mid Holocene (e.g., [572]), the 
Last Glacial Maximum [590] and the Eemian [734]. These simulations produce 
climate statistics of, for instance, 'the' Eemian, as opposed to atmospheric and 
oceanic state at specific times, e.g., 119.210 year BP. 

An important point, often overlooked by geoscientists, is that climate is 
varying without the presence of any time dependent forcing (except for the 
prescribed but constant annual insulation cycle). As an example, Fig. 3.3 
shows the annual mean temperature in a control run extending over 1000 
years, averaged over the whole globe and over Europe. The time series are 
characterized by irregular variations with significant deviations from the 'nor
mal' (the long term mean). For instance, in the 6th century, prolonged warm
ing appears in Europe, with maximum anomalies of more than 0.5 K. That 
is, in climate there is something like "smoke without fire". In fact, a proper 
cognitive model of climate is that of a random process, which characteristics 
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Fig. 3.3. Air temperature near the ground level in a thousand years integration, 
averaged over the whole globe and over Europe. 

are conditioned by certain external factors8 • When the latter are fixed, the 
characteristics are fixed. When they are time dependent, the characteristics 
are time dependent as well. 

The output of control runs allows to determine almost all statistical char
acteristics of climate9 as transports of energy and momentum or various mea
sures of variability (e.g., spectra, modes of variability or teleconnections). 
Control runs have been shown to reliably reproduce the large-scale aspects of 
contemporary climate (e.g., [896)). Control runs prepared with different cli
mate models produce rather similar results on large scales, whereas on regional 
scales there may be marked differences [207]. 

The 'internally generated' variability, as simulated in control runs, has 
Significance for the analysis of atmospheric and climate dynamics, as the 
system is masked by noise [1108]. The noise is constitutive as it generates 
variability, but it hampers at the same time the detection of natural and 
anthropogenic signals [437], in particular for assessing the reality of Global 
Warming (e.g., [442)). 

8 In that sense, quasi-realistic climate models are a kind of conditional random 
number generators, albeit a very complex one. 

9 A more precise wording would be: Climate is the statistics of weather. These 
statistics are described by parameters, like moments. 
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3.4.2 Transient Runs 

When time varying external forcing, e.g. related to changing greenhouse gas 
concentrations, volcanic aerosol loading, changing land use and vegetation, 
are exerted on a GCM, the simulated climate is no longer in equilibrium but 
changes in the course of time. The most prominent type of such simulations are 
the climate change scenarios (e.g., [206]) as summarized in the !PCC reports. 
Other applications refer to the effect of changing greenhouse gas and industrial 
aerosol loadings since preindustrial times [1017) or the effect of changing solar 
output [208) and volcanic aerosol loadings. 

In the following a brief overview of a recent simulation of the time 1550-
1800 with the climate model ECHO-G [608), exposed to varying solar output 
and volcanic aerosol loadings is given (Fig. 3.4)10 . 
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Fig. 3.4. Forcing time series of effective solar output used in the transient simulation 
of the Late Maunder Minimum (solid) and the simulated Northern Hemisphere 
temperature (dotted). 

The purpose was to simulate a marked wide-spread cooling which appeared 
in 1675-1710 in Europe (Fig. 3.5). Maximum values of more than -1.2K in 
Eastern Europe, -0.5 K in many parts of Germany, France, Italy and Greece 
were reconstructed from historical reports and proxy data [664) . Everywhere 
else, weak cooling of less than 0.5 K was reconstructed. Weak warming was 
estimated to have taken place only a few spots in Northern Norway, Iceland 

10 The C02 and methane atmospheric concentrations were derived from air trapped 
in Antarctic ice cores [85], [288]. The variations of solar output and the influence 
of volcanic aerosols on the radiative forcing were taken from Crowley [201 J, who 
used the number of sun spots after 1600 AD and concentrations of cosmogonic 
isotopes in the atmosphere before 1600 AD. The forcing due to volcanic aerosols 
was estimated from concentrations of sulphuric compounds in different ice cores, 
located mainly over Greenland. These forcing factors were then translated to 
effective variations of the solar constant in the climate model. 
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Fig. 3.5. Reconstructed DJF temperature conditions during the LMM [664] (left) 
and simulated in a transient simulation using bistorica1 solar output and atlllOSpheric 
volcanic aerosol loading 

and south-eastern Greenland. The period is named Late Maunder Minimum 
(LMM) and coincides with the second half of a period of particularly low 
numbers of sunspots and a reduced solar activity. During this period several 
large volcanic eruptions took place. For further details, refer to [1185]. 

During the winters 1675-1710 a marked global cooling (relative to the 
1550-1800 time average) was simulated (Fig. 3.5). When the 1675-1710 
episode is simulated again with a somewhat different initial state, a simi
lar anomaly is formed. Thus, the emergence of the anomaly is related to the 
anomalous radiative forCing. The reconstruction compares well with the mod
elling result with cooling almost everywhere, with maximum values of -1.2 K 
and more in Eastern Europe, and -0.5 K and more over most of Europe. 
No warming spots are simulated, and Northwest RUSSia/Northern Norway is 
simulated as being very cold, a fact not supported by the sparse historical 
evidence available to us. However, the skill of the reconstruction in the later 
areas is considered as rather low. We conclude that the intensity and timing 
of the European cooling represents a positive analog of the model (Fig. 3.1). 

Little is known about the temperature conditions during the Late Maun
der Minimum outside Europe. Therefore, we cannot really validate the model 
results on a global scale; instead we may consider the model output as a physi
cally based, plausible hypothesis of what was going during that time outside of 
Europe (neutral analog; Fig. 3.2) . Because ofthe presence of climatic noise on 
all time scales, we cannot expect that all details, in terms of spatial patterns 
and temporal evolutions, are reproduced. We would, however, expect that the 
broad spatial patterns as well as the time mean structure, be reproduced. 

The global temperature anomaly is displayed in Fig. 3.6. It is dominated 
by a strong cooling, of -1 K and more, in Northeast Canada, Greenland, 
the Northern North Atlantic, while on the Northern Hemisphere continents a 
weaker cooling, of -0.5 K and more, takes place. On most of the rest of the 
globe a cooling of up to -0.5 K is simulated, with isolated warming spots on 
the Southern Hemisphere. Thus, the event is a worldwide phenomenon, which 
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Fig. 3.6. Simulated annual mean global cooling during the LMM, relative to 1550-
1800 time mean. 

is associated with largest anomalies in the North Atlantic. In the Labrador 
Sea, ice conditions are much more severe than before and after the LMM 
event, with the ice coverage increased by up to 25% (not shown). The overall 
cooling is consistent with evidence from world-wide coral proxy data. 

We conclude that the simulated reduction of temperature during the model 
years 1675-1715 is not accidental, but is reproducibly related to the anomalous 
combined volcanic and solar forcing. (For further discussion, refer to chapter 
23). 

3.4.3 Data Driven Simulations 

In the type of simulations discussed so far, data serve mainly as boundary con
ditions, like time variable CO2 concentrations, and as a reference to compare 
the simulation results with. The situation is different in case of data driven 
simulations. In that case the data are considered the primary information 
but incomplete in their spatial and temporal coverage. Also they are to some 
extent uncertain. Then, the model is used to 'interpolate' the observational 
evidence. Thus, the models are, in a sense, subordinated to the data. 

The concept is based on the state space formulation, with state variables 
iP , a dynamical model F, forcing 1/, observed quantities w, and a function 
describing the observation process g: 

iP(t) = F(iP(t - 1), 1/(t -1)) + 8 wet) = g(iP(t)) + E (3.3) 
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with errors terms € and 0 representing the incompleteness of the dynamical 
model F, and the errors in the observation process g. The former is the state 
space equation and the later the observation equation. The system is integrated 
forward in a step-like manner. First, given a valid state <I> (t -1), a preliminary 
new state <I>*(t) is calculated with <I>*(t) = F(<I>(t-1),11(t-1)). Then an expected 
observation w* (t) = 9 (<1>* (t)) is derived. Usually, w* (t) deviates from the true 
w(t). Therefore, a new best guess is determined through 

<I>(t) = <1>* + JC(w*(t) - w(t)) (3.4) 

with a suitable operator JC. 
For paleoclimatic reconstructions, the state space variables are large scale 

variables, like the principal components of wind at some level or sea sur
face temperature. The dynamical model can be a quasi-realistic model, as 
described in Sect. 3.4, the observable tree ring densities or other proxy data, 
and the 9 an upscaling operator (e.g., [31]) 

The system, named Data Assimilation Through Upscaling and Nuding 
(DATUN) is presently under development ([1107], see chapter 10). 

3.5 Conclusions 

In this discourse we have discussed the scientific approach of 'modelling', 
which is usually not conceptualized. Almost all scientific disciplines, classical 
natural sciences, environmental sciences, social and cultural sciences, use the 
term 'model'. A joint property of all these models is that they refer to a com
plex part of reality and that they are simpler than reality. Otherwise models 
vary widely in concept, design and purpose. Nevertheless everybody seems to 
believe that his or her use of the term 'model' is the genuine one supposedly 
understood by everybody else. Examples are mental maps in social sciences, 
digital elevation maps in earth science and world models in economy. Same 
models are static, like a map, others are dynamical, including a predictive ca
pability. Some models are scientific constructs, others are social or historical 
constructs. 

In interdisciplinary cooperation, then, severe misunderstandings emerge 
and hinder the flow of ideas and knowledge between the different traditional 
branches of science. This is in particular a problem in modern paleoclimatol
ogy, which is rapidly expanding across traditional disciplinary borders. 
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4 

Holocene Climate Variability from Model 
Simulations - State of the Art 

Eva Bauer and Dorthe Handorf 

Summary. Model simulations of the climate variability of the Earth system are 
manifold because the number of involved processes and feedback mechanisms is 
large, the time and space scales associated with these processes range over several 
orders of magnitude and the complexity of the used climate models differs largely. 
Model studies for the Holocene focus either on internally generated variability or on 
externally forced variability. Internal variability is estimated from the hierarchy of 
climate models in free simulations without external forcing. Long-term simulations 
indicate that the internal variability on decadal to centennial scales is of major 
importance in the atmosphere-ocean system. Forced variability is estimated from 
climate model simulations employing time-varying forcings, e.g., for solar irradiance 
and volcanism. In simulations with coupled atmosphere-ocean-vegetation models 
also the bio-geophysical feedback mechanisms appear important. Bio-geophysical 
mechanisms may either amplify or attenuate the internal variability regionally or 
even globally. The development of climate models in conjunction with the analysis 
of paleo data will improve the understanding of the processes responsible for climate 
variability. 

4.1 Introduction 

A reasonable understanding of the mechanisms of natural climate variabil
ity, including internally generated and the externally forced fluctuations, is 
required to estimate future climate changes which involve anthropogenic cli
mate variability. One possible approach is to study the climate variability 
of the Holocene by the joint analysis of paleoclimatic records and modelling 
studies. Here, an overview of model studies on the climate variability in the 
Holocene until the end of the pre-industrial era is presented. The climate vari
ability in the industrial area which is also affected by anthropogenic forcing 
functions will be ignored. 

The Holocene is the current interglacial period of the Earth history which 
began about 10,000 years BP. After 10 kyr BP relatively small changes in 
topography, such as in the ice sheet coverage and the sea level, occurred. The 
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climate of the Holocene is relatively warm and stable compared to the climate 
states in geological time scales. For example, reconstructions of the surface 
air temperature from the Vostock ice core indicate that during the Holocene 
the global annual temperature varied only about 0.5-1 Kelvin whereas the 
glacial/interglacial changes amount to about 10 Kelvin [816]. 

Holocene climate system models incorporate three components, the atmo
sphere, the ocean including sea ice and the vegetation or the biosphere. Causes 
for climate variability are the internal variability generated within the climate 
system itself, and the externally forced variability. Each Earth climate subsys
tem has its characteristic time and space scales connected to response times 
of the physical processes. But because of nonlinearities in the physical and 
dynamical relations each climate subsystem has the potential for producing 
internal variability thereby widening the characteristic space and time scales. 
Internal variability in the climate system may also arise from interactions be
tween subsystems and in consequence the temporal and the spatial variability 
may change. The major non-anthropogenic external forcings in the Holocene 
are changes in the solar irradiance and changes in the atmospheric composition 
due to volcanic activity. Despite the difficulty to quantify the characteristic 
scales some typical time scales of the climate subsystems and of the external 
non-anthropogenic forcing factors are given in Table 4.1. 

Table 4.1. Characteristic time scales of the different climate subsystems (see also 
Sect. 4.2) and of external non-anthropogenic forcing factors (see also Sect. 4.3). 

subsystem characteristic time scale 
atmosphere days to weeks 
ocean weeks (surface) to millennia (deep ocean) 
sea-ice weeks to months (formation) 
ice-sheets millennia (negligible for Holocene variability) 
biosphere years to ten thousand years 

external forcing characteristic time scale 
volcanic activity year (impulse-like function) 
solar activity few years to centuries 
solar irradiance 104 to 105 years (change of orbital parameters) 

Complex interactions between external driven variability and internally 
generated variability lead to specific climate states. Such climate states can 
be characterized by their characteristic spatial and temporal patterns. Low
frequency variability patterns in the lower atmosphere on decadal to centen
nial time scales can be determined by statistical analysis exploring the basis 
of the relatively good data coverage for the Holocene. However, statistical 
analyses alone are insufficient to identify physical mechanisms or to isolate 
the impact of the external forcing from the internal variability. To test the 
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effects of mechanisms it is necessary to use climate models based on thermo
hydrodynamical balance equations which govern the climate system. 

An ideal model for the analysis of climate variability is a fully coupled 
Earth system model which has a sufficient fine space-time resolution to re
solve the dominant modes of variability, the nonlinear interactions within and 
between the different system components, and which accounts for the effects 
from external forcing. Such a coupled system model comprises several au
tonomous model components which describe the physical and the dynamical 
processes of the atmosphere, the ocean and the vegetation. But in practice, 
such a comprehensive Earth system model which captures all processes and 
feedback mechanisms is still not affordable as it is hardly integrable in time 
over multi-millennial periods. 

An alternative is to apply a hierarchy of climate models which comprises 
models of different complexity. These models range from simple models which 
treat elementary processes of the climate system in a simplified manner to 
highly complex models which yield quasi-realistic simulations of the climate 
system or of the system components. Simple models are used to gain insight 
into basic physical mechanisms, to perform extensive sensitivity studies and 
to develop hypotheses on the mechanisms of climate changes which can be 
tested with more complex models by analyses of paleo data. 

Commonly used simple models are Energy Balance Models (EBMs). EBMs 
are based on the equation for energy conservation excluding the dynamical 
processes. Highly complex General Circulation Models (GCMs) contain the 
full set of balance equations and parameterizations for the subgrid-scale pro
cesses, e.g., the turbulent motions and the formation of precipitation. Cou
pled GCMs are closest to an ideal climate model. Presently mainly coupled 
atmosphere--ocean models (AOGCMs) are in use. But the AOGCMs do not in
corporate all factors contributing to climate system variability as they neglect 
the interactions with the slower components of the climate systems, e.g., the 
cryosphere and the biosphere. In order to bridge the gap between the simple 
and the complex models, models of reduced complexity have been developed. 
The need to include the varying exchange processes between the atmosphere 
and the ocean with the slower components of the climate system has lead 
to the so called Earth system Models of Intermediate Complexity (EMICs) 
[168]. EMICs are designed for long-term and large-scale climate simulations 
of the Earth climate system in which the interactions between the system 
components are described explicitly. 

The following description is structured according Fig. 4.1. Section 4.2 sum
marizes studies which analyze the internal variability (Fig. 4.1a-c). These 
studies deal with the variability within single climate system components and 
studies on the internal variability including feedback mechanisms between 
'two-way'-coupled atmosphere and ocean. Externally forced model runs with 
EBMs, GCMs and EMICs are presented in Sect. 4.3 and refer to Fig. 4.1d-f. 
This section deals with equilibrium simulations for different time slices of the 
Holocene. The time slice simulations are obtained by imposing specific forc-
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Fig. 4.1. Scheme showing six different model configurations where A, 0, V denote 
atmosphere, ocean, and vegetation model components, respectively. Upper row for 
studies on internal climate variability using in (a) only A with prescribed values at 
surfaces of ocean and land, (b) only ° with prescribed values at atmosphere and 
land surfaces, and (c) coupled AO with prescribed values at land surface. Lower row 
for studies with external forcing, where (d) and (e) refer to equilibrium simulations 
with forcing for different time slices and (f) refers to transient simulations with 
time-varying forcing. Studies (d) represent uncoupled simulations and (e) and (f) 
simulations with option to switch on/off the coupling between model components. 

ing functions for the time of the slices while keeping the boundary conditions 
fixed. Section 4.3 also describes transient model simulations with time-varying 
forcing functions. Section 4.4 draws conclusions on the results obtained so far 
from modelling studies for the Holocene. 

4.2 Internally Generated Climate Variability 

Internal low-frequency variability originates from interactions within and be
tween the various climate subsystems. To study this internal variability by 
means of models, all external forcing factors have to be kept constant. The 
resulting model runs are regarded as control runs. The nonlinearity of the un
derlying dynamical processes in each climate subsystem implies the potential 
of variability on a variety of spatial and temporal scales. To study the internal 
variability within one single component of the climate system, it has to force 
by fixed boundary conditions at the interfaces to the other subsystems. Ac
cordingly, feedback mechanisms with other components are not allowed. This 
approach can be viewed as 'one-way' interaction. Another source for internal 
variability is provided through the interactions between two or more compo
nents of the climate system. These 'two-way' interactions appear in the form 
of feedback mechanisms between the coupled components. 

As climate variability on time scales from decades to centuries is the most 
prominent aspect of Holocene climate change, in this section we do not con
sider variability connected with the built-up and melting of large ice-sheets 
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(see Table 4.1). Furthermore, we put our emphasis on the involved physical 
processes and preclude all interactions with biological or geochemical pro
cesses. Thus, we consider mainly the climate components atmosphere and 
ocean. The variability internal to one single climate component is regarded in 
Subsects. 4.2.1 and 4.2.2 for the atmosphere and the ocean respectively, the 
internal variability of the coupled atmosphere-ocean system in Subsect. 4.2.3. 

4.2.1 Variability Internal to the Atmosphere 

At the lower boundary (the Earth surface) the atmospheric flow is subjected 
to two main forces: mechanical forcing induced by the orography (topography) 
and thermal forcing due to the distribution of diabatic heat sources. These 
key mechanisms are responsible for the forcing of long planetary atmospheric 
waves, which influence via the interaction between the planetary waves and 
the mean zonal flow the atmospheric climate variability to a large extent. Con
sequently, the prescribed distribution of these forcing terms as lower boundary 
conditions is essential for studying internal atmospheric variability. 

A pioneering concept for internal atmospheric variability proposed by Has
selmann [438], assuming that the spectrum of atmospheric disturbances on the 
climatic time scale is that of a white noise process. This approach, however, 
does not include the background red noise of the spectrum determined from 
long-term integrations of idealized nonlinear models of the atmospheric cir
culation (e.g., [642]). Pielke and Zeng [824] demonstrated that within this 
Lorenz-model chaos and intransitivity are sufficient to generate substantial 
decadal and centennial variability without external forcing, even though in
stabilities in the model occur on short-term synoptic time scales. Some years 
earlier, James and James [500] provided the first analyses of long-term runs 
with a simplified, primitive-equation atmospheric circulation model without 
orography. They determined red noise spectra with strong decadal variability, 
mainly caused by the low dimensional nonlinear dynamics [501] and connected 
with zonal-mean flow changes. 

Another model class widely applied to the investigations of extra-tropical 
atmospheric variability are quasi-geostrophic models. The quasi-geostrophic 
equations form a reasonable approximation of extra-tropical large-scale flows. 
Models with strongly simplified orographic and diabatic boundary conditions 
and low resolution belong to this class. In addition, models with realistic 
distribution of orography and heat sources along with rather high spatial 
resolution in the order of 5° x 5° comparable to GCMs have also been treated. 
In the vertical, the number of layers varies in general between 1 to 3. 

Several studies with simplified low-resolution models [569], [240] have 
shown well-pronounced low-frequency variability. Interactions between the 
zonal flow and planetary wave components have been found to trigger the 
inherent fluctuations. Recently, the influence of varying horizontal resolution 
on the formation of dominant patterns of variability has been examined by 
Weisheimer et al. [1147]. It has been recognized that starting with a resolution 



62 Eva Bauer and D5rthe Handorf 

of about 10° x 10° the nonlinear feedback between large and small scale fea
tures is reasonably well described. Their results support the idea that seasonal 
forcing along with nonlinear dynamical processes can generate low-frequency 
variability between years and centuries in the atmosphere without additional 
external forcing. The study by Corti et al. [192], performed with a 3-level 
quasi-geostrophic model with horizontal resolution of about 5° x 5° and re
alistic forcing fields focused on the leading North hemispheric teleconnection 
patterns. The main patterns, the North Atlantic oscillation (NAO) and the 
Pacific North America pattern (PNA) have been realistically simulated and 
the interannual to interdecadal variability matches the observed one, though 
the boundary condition did not contain variability on those time scales. 

Studies on internal atmospheric variability with reduced complexity mod
els based on the primitive equations have been carried out by, e.g., Saravanan 
and McWilliams [919] and Handorf et al. [424]. These authors used coupled 
atmosphere-ocean models in an atmosphere-only mode, where the coupling 
to the ocean has been replaced by fixed sea surface temperature (SST) or SST 
with a repeating climatological seasonal cycle. The atmospheric model of Sar
avanan and McWilliams [919] is a global two-level primitive equation model 
with a horizontal resolution of about 5° x 5°. The comparison of coupled in
tegrations with atmosphere-only runs carrying out over 4000 years, bring out 
similar spatial patterns, whereas the corresponding spectra show essentially 
white noise spectra at the decadal to centennial scale with enhanced energy at 
periods of about 40 years. Handorf et al. [424] applied a model which resolves 
explicitly the basic features of the large-scale long-term climate variables, 
whereas all synoptic-scale processes are described in terms of synoptic-scale 
fluxes in dependence on the large scale circulation. The 1000-year long model 
atmosphere-only run is characterized by strong decadal variability with peri
ods of about 9 years. Again, the spatial variability bear a close resemblance 
to that of the coupled run, but the temporal variability is largely enhanced 
at interdecadal scales in the coupled run. 

A similar approach, performing long term atmosphere-only runs with pre
scribed SST which do not vary on time scales longer than the annual cycle, 
has been also applied in GCM-studies (e.g., [682]). They found that the spa
tial pattern of the near surface temperature over the continents resulting from 
the SST-fixed run is in agreement with that of the coupled run. The temporal 
variability, although showing no clear departures from noise processes, is also 
comparable for both runs not only on interannual, but also on decadal time 
scale. 

To summarize the above cited studies, the spatial structure of internal 
atmospheric variability is basically determined by the (mechanical and ther
mal) forcing at the lower boundary. The atmospheric response to these forcing 
occurs in terms of patterns and teleconnections which are primarily related 
to meridionally propagating planetary waves. When realistic boundary condi
tions are used, models of intermediate and high complexity are able to simulate 
nearly the same spatial patterns which are known from observations. These 
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results support the idea that temporal variability arise from nonlinear scale 
interactions leading to transitions between spatially preferred patterns [800]. 
Models of different complexity differ with respect to their spatial resolution 
and the physical parametrization of the unresolved processes. Thus one main 
difference between the models lies in the representation of nonlinear scale in
teractions and the associated representation of the energy cascade. This might 
be one reason for the different temporal variability determined for the different 
models. 

4.2.2 Variability Internal to the Ocean 

All ocean-only models have to use boundary conditions which represent atmo
spheric processes and providing the fluxes of heat, momentum and freshwater 
necessary to force the ocean circulation. The circulation is thus thermo-haline 
driven (thermo-haline circulation, THC) and wind-driven (oceanic gyres). In 
order to study intrinsic oceanic low-frequency variability, the forcing is re
alized via simplified boundary conditions like restoring, mixed or prescribed 
mean constant flux boundary conditions. Restoring boundary conditions apply 
prescribed temperature and salinity fields and diagnose the resulting fluxes. 
Mixed boundary conditions refer to restoring the temperature, but keeping the 
freshwater flux constant. One should mention that there is no 'correct' bound
ary condition for an ocean-only model because it is impossible to prescribe 
the correct fluxes and the correct time change of the fluxes simultaneously. 
This can be only achieved by mutually coupled atmosphere-ocean models 
(e.g., [917]). 

Berloff and McWilliams [73] determined decadal variability related to the 
nonlinear dynamics of oceanic gyres through infrequent transitions between 
distinct gyre patterns. They used a quasi-geostrophic basin ocean model forced 
with steady winds. The low-frequency spatial patterns are connected with 
variability in the Gulf Stream and inertial recirculations. Earlier, Spall [991] 
applied an eddy-resolving regional primitive equation model to demonstrate 
the generation of decadal variability due to the nonlinear dynamics of bound
ary currents. 

The possibility of the existence of multiple equilibria and the associated 
variability of the THC was one of the first issues studied by simple oceanic 
models already in 1961 [1014]. Since then, a number of investigations of THC
variability on timescales of decades, centuries and millennia have been per
formed with models from different rungs of the model hierarchy, mostly with 
coarse resolution OGCM in idealized basins. The identified processes involve 
internal variability of the THC on three fundamental timescales: (1) diffusive 
(millennial), (2) overturning (centennial), (3) horizontal advective (decadal). 
Here attention will be given to the last two due to the focus on decadal to 
centennial variability. 

A number of modelling studies illustrate that decadal to interdecadal self
sustained internal variability associated with THC oscillations can exist in 
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uncoupled ocean models in basins where deep water formation occurs. Self
sustained oscillations have been detected from models with mixed boundary 
conditions (e.g., [1137]) as well as with prescribed flux boundary conditions 
(e.g., [396]). Weaver and Sarachik [1137] identified purely advective mecha
nisms for decadal variability. The timescale of the oscillation is determined by 
the time it takes an anomaly to be horizontally advected from the midlatitude 
region to the northeastern boundary and then, as subsurface flow southwards. 
Yin and Sarachik [1177] proposed an advective and convective mechanism for 
interdecadal oscillations. The period of the oscillations corresponds to the 
time between two consecutive strong phases of convection in subpolar regions 
and is connected with an intensification or weakening of the THC. Another 
advective mechanism for decadal variability was found by Weisse et al. [1148] 
by analyses of runs with an OGCM forced by stochastic freshwater fluxes. 
Through this forcing, salinity anomalies in the Labrador sea have generated 
which advectively propagate across the North Atlantic. 

Longer variability on the centennial time scale has been found in coarse 
resolution OGCMs either with steady forcing (e.g., [1136]) or with stochastic 
flux forcing [724]. The meridional loop oscillation in the Atlantic and its over
turning time scale is identifiable from salinity anomalies moving with the deep 
overturning cell. The slow phase of this oscillation is associated with a positive 
surface saline anomaly at low latitudes and negative saline anomaly at high 
latitudes leading to slow the meridional overturning. The specified freshwater 
flux results in an intensification of the positive anomaly at low latitudes and 
the generation of a negative salt anomaly at high latitudes. When the positive 
anomaly reaches the high latitudes, the re-initiation of convection starts and 
thus an intensified thermohaline circulation occurs (rapid phase). 

Some key mechanisms of THC oscillations can be also identified with the 
help of conceptual models. For instance, Welander [1149], [1150] or Yin [1176] 
suggested several simple flip-flop and loop models for THC oscillations which 
resembles those diagnosed from studies with more complex models. Thus, 
like for atmospheric processes, simpler models can provide insight into basic 
processes of intrinsic oceanic low-frequency variability. But as the models 
complexity and thereby the number of degrees of freedom increases, more 
complex patterns of spatial and temporal variability can arise, which hopefully 
resembles the real behaviour of the system much better. 

4.2.3 Coupled Atmosphere-Ocean Variability 

In this subsection decadal-centennial climate variability of the coupled atmo
sphere-ocean system caused by feedback mechanisms between the compo
nents ('two-way-interactions') is considered. In Subsect. 4.2.2 it was pointed 
out that a major part of intrinsic oceanic variability is associated with oscil
lations of the THC. Consequently it is favourable to include a sea ice model 
in coupled atmosphere-ocean models. This necessity is supported not only 
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by observational studies, but also by results of model studies with simpli
fied coupled ocean-sea-ice models by e.g., Zhang et al. [1181]. In these models 
decadal oscillations arise due to feedback mechanisms between the sea-ice and 
the ocean. Accordingly, almost all coupled atmosphere-ocean models include 
a dynamic or thermodynamic sea-ice model as an integral part of the oceanic 
model. 

In a number of studies with coupled atmosphere-ocean models of differ
ent complexity decadal to interdecadal variability have been analyzed which 
could be attributed to specific mechanisms. A comprehensive overview is given 
by Latif [588] who summarized four primary mechanisms of simulated inter
decadal variability: tropical interdecadal variability, interdecadal variability 
due to the interaction between the tropics and midlatitudes, midlatitudinal 
interdecadal variability associated with wind-driven ocean gyres and midlati
tudinal interdecadal variability associated with the thermohaline circulation. 

A very prominent coupled air-sea mode is the EI Nino-Southern oscillation 
(ENSO) phenomenon of the tropical Pacific characterized by a period of about 
4 years. ENSO is associated with typical atmospheric teleconnection patterns 
over nearly the whole globe. To understand the dynamics of ENSO, models of 
different complexity have been developed. Relatively simple models like the 
'delayed action oscillator' [1026] predict regular ENSO oscillations instead of 
the observed irregular ones. This irregularity may arise due to deterministic 
chaos (e.g., [1079]), by stochastic forcing in coupled models (e.g., [265]) or a 
combination of both [1015]. The dynamic feedback between the zonal wind 
stress and SST in the tropical Pacific is essential to produce part of the inter
decadal variability leading to irregular ENSO oscillations [588]. In contrast, 
tropical Atlantic variability is characterized by a meridionally elongated dipole 
of SST anomalies, which has been simulated e.g. by Chang et al. [149] with 
both, a coupled model of intermediate complexity and an OGCM coupled to 
a statistical atmospheric model. The oscillation of this dipole is sustained by 
the thermodynamic feedback between the surface heat flux and SST. 

Another source for decadal to interdecadal ENSO variability might be 
an atmospheric or oceanic link between the tropics and the midlatitudes. A 
simple box model explaining an oceanic tropical-midlatitude link has been 
suggested by Gu and Philander [414]. The identified subduction mechanism 
can lead to continuous interdecadal oscillations. Contrary, Barnett et al. [46] 
and Pierce et al. [826] identified an atmospheric link between decadal North 
Pacific changes and decadal ENSO modulations by means of various models 
including fully coupled AOGCMs. Timmermann et al. [1066] detected a 35-
year ENSO modulation resulting from the interaction with a 35-year THC
related mode of the North Atlantic. A 22-year oscillation, however, has been 
identified as a possible superposition of two interannual peaks of the ENSO 
spectrum. One shortcoming of the present studies of ENSO variability with 
coupled AOGCMs is the rather coarse resolution for the tropical oceans. A 
high resolution, at least in the tropical oceans, is a necessary, though not 
sufficient prerequisite for simulating more realistic ENSO variability. Thus 
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the recent results on ENSO variability need further confirmation by studies 
with coupled AOGCMs with higher resolution. 

Regarding the role of wind-driven ocean gyres, a North Pacific and a North 
Atlantic mode have been investigated by means of coupled AOGCMs (e.g., 
[589], [400]). These studies found evidence for inherent coupled atmosphere
ocean patterns with periods between 10 and 20 years connected with a clock
wise rotation of SST anomalies around the subtropical gyres with shorter 
periods of the North Atlantic mode. A similar gyre-related decadal North 
Atlantic mode has been detected by Selten et al. [954] in a 1000 year long 
integration of a coupled model of intermediate complexity. In contrast, this 
mode has been estimated as a mainly ocean-only mode. Furthermore, gyre
related variability found in other studies oflong-term simulations with coupled 
AOGCMs, but without preferred temporal modes as in the above mentioned 
studies (e.g., [682], [1197]). This variability can be explained by an exten
sion of the stochastic climate model of Hasselmann [438] by Frankignoul et 
al. [331]. These latter studies suggest that 'one-way interaction' is sufficient 
for generating gyre-related variability. But, whether gyre-related modes arise 
due to 'one-way interaction' or 'two-way interaction' depends likely on the 
strengths of the air-sea coupling as it was shown, e.g. by Miinnich et al. [742]. 

The primary mechanism responsible for interdecadal variability associated 
with the THC circulation is the driving of the strength of the overturning due 
to thermal or haline processes in the polar region. Timmermann et al. [1067] 
have found such a 35 year, inherently coupled atmosphere-ocean pattern by 
investigation of a multicentury run with a coupled AOGCM. In contrast, 
several studies identified interdecadal THC-related variability as primarily 
generated by the ocean without atmospheric feedbacks (e.g., [228]). A more 
profound analysis of a 50-year oscillation by Delworth and Greatbatch [229] 
confirmed this, whereas the earlier study by Weaver and Valcke [1138] of 
THC-variability of the same model could not preclude the possibility of a 
THC-related coupled air-sea mode. Again, the differences probably results 
from different responses of the particular model atmosphere to extratropical 
anomalies in the SST and sea-ice distribution. 

In the above cited studies the variability of the THC are mainly triggered 
by salinity anomalies. Nevertheless, much Simpler models (e.g., [160], [918]) 
can generate similar interdecadal modes caused by temperature effects. The 
analyses by Saravanan et al. [918] again revealed that the interdecadal THC
variability are mainly generated in the ocean, excited by the surface thermal 
forcing. But in addition, a characteristic spatial structure of this forcing, gen
erated by internal atmospheric processes, is essential. 

Currently, the main differences between the various model results on gyre
and THC-related variability are probably associated with differences of the 
strength of the air-sea coupling due to the sensitivity of the atmospheric model 
component to midlatitudinal SST anomalies. In general, it is very difficult to 
distinguish between atmospheric forcing of the ocean and oceanic forcing of 
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the atmosphere. As pointed out by Frankignoul [330], especially the role of 
surface heat exchanges at very low frequencies has to be clarified. 

In a number of control runs of coupled AOGCMs over 1000 years the 
atmospheric near-surface variability has been analyzed (e.g., [1112], [1018]). 
The study of Stouffer et al. [1018] reveals for three sophisticated AOGCMs 
that the simulated variability patterns of the surface air temperature (SAT) 
agree well with the observed patterns on decadal time scales. The preferred 
spatial patterns of variability are well captured. The temporal variability of the 
global mean SAT anomalies display essentially noise behaviour on decadal and 
longer time scales. The role of the ocean becomes more important for longer 
time scales. Similar results for SAT variability and the role of the ocean have 
been obtained by Saravanan and McWilliams [919] and Saravanan et al. [918] 
with models of intermediate complexity. 

One serious problem connected with the use of coupled models is the cli
mate drift often appears due to the coupling of separate equilibrium states of 
the oceanic and atmospheric model. This problem mainly arises when com
plex atmospheric and oceanic GCMs are coupled. To avoid remarkable climate 
drift in model integrations longer than 100 years the implementation of flux 
adjustments is essential. Through the flux adjustment the mean model state 
is fixed. Therefore it can not be excluded that the prescribed mean state is 
too strongly stabilized and the associated variability is damped (e.g., [753]). 
On the other hand, the flux adjustment could be a possible source for mul
tidecadal variability of the THC, especially if the freshwater flux adjustment 
in the coupled model contains a region of net evaporation at high latitudes 
(e.g., [1135]). To prevent this 'artificial' source or 'sink' for internal variability, 
it is a prerequisite to use models with reduced or without flux adjustment. 
The development of complex coupled atmosphere-ocean GCMs which do not 
need flux adjustments has recently started. A first analysis on the internal 
variability of such a model determined from a long-term integration over 1000 
years has been performed by Collins et al. [178]. Main teleconnection patterns 
known from observations have been reproduced and except ENSO none of 
these patterns shows periodic behaviour. 

It is known that nonlinear systems have the potential for rapid changes 
when the system is in the vicinity of an instability region (bifurcation point). 
Recently, two studies by Haarsma et al. [415] and Hall and Stouffer [421] have 
demonstrated the occurrence of rapid climate transitions in a 40,000 year 
long integration of the coupled atmosphere-ocean model of intermediate com
plexity and in a 15,000 year long simulation of a coupled atmosphere-ocean 
GCM, respectively. Haarsma et al. [415] identified a 13,000 year oscillation 
where the transitions between the two states are rapid. This resembles the 
halocline catastrophes connected with a collapsed THC. This mechanism was 
determined from simulations of an ocean-only model with mixed boundary 
conditions and is the main reason for variability on millennia time scale which 
is not treated in this overview. Hall and Stouffer [421] reported an extreme 
cooling event near southern Greenland with an duration of about 40 years in a 
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15,000 year long unforced coupled run. This event was triggered by the trans
port of cold and fresh water into the North Atlantic Ocean through persistent 
northwesterly winds. 

The mentioned investigations with either simple or more complex models 
show no consensus on the mechanisms and the strength of the atmospheric, 
oceanic and coupled internal variability on decadal to centennial time scales 
so far. However, analyses of observational data reveal that climate variability 
often appear to be organized into relatively coherent spatial structures (tele
connections). These findings of spatial climate patterns are often reproduced 
with several models. Whether or not there are preferred time scales connected 
with these spatial patterns is a question which has not been clarified yet. The 
main reason for that seems to lie in the unresolved question of the adequate 
description of the unresolved processes in the models. Until now, a variety 
of mechanisms have been identified which possibly could lead to decadal to 
centennial variability. Having in mind that the underlying system dynamics 
is nonlinear, the behaviour of many of the identified low-frequency phenom
ena is only quasi-periodic. Thus, although they recur, their period can vary 
and spectral ranges with enhanced energy rather than spectral peaks can be 
expected. 

Further model studies will be necessary to gain more insight into the basic 
underlying physical processes which governs especially the occurrence of the 
dominant spatial patterns and the transitions between them. This overview 
demonstrates that internally generated variability can indeed contribute sub
stantially to climate variability. Therefore internal climate variability has to 
be included in all evaluations of past, present and future climate changes. 

4.3 Externally Forced Climate Variability 

4.3.1 External Forcings 

4.3.1.1 Solar Irradiance Variability 

The ultimate energy source of the Earth climate system is the solar irradiance. 
The irradiance is proportional to the energy flux emitted from the sun and 
is inversely proportional to the square of the Earth-Sun distance. Changes 
in the irradiance are caused by varying orbital parameters and solar activity. 
The mean of the solar irradiance incident on the Earth at the mean distance 
from the Sun is defined by the solar constant. The solar constant is estimated 
as 1365 Wm-2 from satellite measurements with an uncertainty of 0.3%. The 
mean incident irradiance at the top of the atmosphere is, due to the spherical 
geometry of the Earth, one forth of the solar constant, i.e., 341.25 Wm-2 

of which about 70% are absorbed corresponding to a mean planetary albedo 
of 0.3. 

The solar irradiance varies with the orbital parameters on multi-millennia 
periods. The orbital parameters are the eccentricity with major periods of 96 
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and 413 kyr, the obliquity with major period of 41 kyr, and the precession 
with major periods of 19 and 23 kyr. According to Milankovitch's theory the 
astronomical-induced changes of the irradiance on the northern hemisphere 
are of major importance for the occurrence of ice ages. During the Holocene 
the effect of the varying orbital parameters alters negligibly the global and 
annual mean irradiance, but alters clearly the seasonality of the hemispheres. 

Table 4.2. Change of orbital parameters from 10 to 0 kyr BP, i.e. numerical eccen
tricity of Earth's orbit, obliquity of Earth's axis with respect to normal of ecliptic 
plane, and time of perihelion measured in days from beginning of a fixed 360-day 
year. 

eccentricity obliquity time of perihelion 
10 kyr BP 0.0194 24.23 deg 193th day of year 
o kyr BP 0.0167 23.45 deg 4th day of year 

The differences in the three orbital parameters for 10 and 0 kyr BP are 
presented in Table 4.2 [66]. The decrease in eccentricity from 10 kyr BP to 
the present corresponds to a reduction of the solar constant by 0.1 Wm-2 , 

which is negligible. The decrease in obliquity of the Earth's axis causes a 
slightly reduced amplitude of the seasonal varying irradiance in the higher 
latitudes and a minor decrease (increase) of the annual-mean insolation in the 
polar (tropical) latitudes. The change in precession is of dominant influence 
as the time of the perihelion shifts from northern summer (July) to northern 
winter (January). Thereby the Earth-Sun distance in July changed from a 
minimum to a maximum which is further modulated by eccentricity changes. 
The concurring changes of the orbital parameters caused the irradiation at 10 
kyr BP in the northern hemisphere (NH) summer period (JJA) to be larger by 
6% and to be equally lower in the southern hemisphere (SH) summer period 
(DJF) compared to the present hemispheric irradiance. Simultaneously, the 
irradiance is lower at 10 kyr BP in the NH winter (DJF) by -6% and is larger 
by +8% in SH winter (JJA) compared to present values. The precession change 
implies a significantly enhanced amplitude of the seasonal cycle in the early 
Holocene compared to present conditions. The largest time-changes in the 
irradiance occur in the latitude band between 30 and 40° in the corresponding 
summer hemisphere (Fig. 4.2). 

Changes of the solar activity became evident from observations of the sun 
spots. Since about 1610 AD sun spots are counted. Their number shows a peri
odic fluctuation with a period of about 11 years, known as the Schwabe cycle. 
The effect of the varying solar activity can be approximated by an equivalent 
adjustment of the solar constant. Thus the effect of the Schwabe cycle is given 
by a change of the solar constant of 0.1% (peak-to-trough change). The low 
solar activity during the time interval 1545-1715 AD, which is associated with 
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Fig .. 4.2. Seasonal mean solar irradiance in Wm- 2 for 10 to 0 kyr BP in (a) for 
northern summer (JJA) and in (b) for northern winter (DJF) as a function of 
latitudes according to [66]. Summer and winter are defined over gO-day intervals for 
a 360-day year. Contours are in steps of 20 Wm- 2 • 

an long-lasting minimum in the number of sun spots (Maunder Minimum), is 
expressed by a reduction of the solar constant of about 0.25%. 

Estimates of the historic variations of the solar activity contain uncer
tainties because they are based on different indirect measurements, e.g., sun 
spot number and concentration of cosmogenic isotopes (Beryllium-l0 and 
Carbon-14). Changes in solar activity are connected with different changes 
of the radiation in the ultraviolet (UV) band, the visible band and the 
near-infrared band, and with the changes of the solar magnetic field. Recon
structions of irradiance changes from solar activity through splicing different 
records span at most the past 1200 yr [42], [201]. 

4.3.1.2 Volcanic Radiative Forcing Variability 

Climatic forcing due to volcanic eruptions is sporadic with effective periods of 
influence of at most a few years. Volcanic eruptions produce aerosol loadings 
in the troposphere and the low-to-mid stratosphere enhancing the optical 
thickness of the atmosphere. In consequence, the transfer of solar radiation 
through the atmosphere is attenuated inducing a cooling of the Earth. A 
pronounced example is the eruption of the Indonesian volcano Tambora in 
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1815 which was the strongest eruption during the past 200 yr. The succeeding 
year is often called as the year without summer. In 1991 the Philippinian 
volcano Pinatubo erupted and induced a cooling of the lower atmosphere in 
the following year by about 0.3 K as inferred from satellite measurements. An 
estimate of the radiative forcing variability is obtained from measurements 
after the eruption of the Pinatubo which yielded in the global and seasonal 
mean a lower radiative forcing at the Earth surface by roughly -4 Wm -2. This 
estimate has large uncertainties in the duration and the spatial spreading of 
the reduction. 

The radiative effect of the volcanic activity is different for short and long 
wave radiation, because the radiative effect depends on the absorption and 
scattering properties of the different aerosols. Reconstructions of the radiative 
effect for historical periods rely on measured index time series, as the Dust Veil 
Index (VDI), the Volcanic Explosivity Index (VEl) and the Ice core Volcanic 
Index (IVI) [890]. Crowley [201] made the first attempt at determining a 
composite from different reconstructions to obtain a volcanic radiative forCing 
for the past 1000 yr. 

4.3.2 Forced Climate Simulations 

Forced climate simulations for the Holocene are still rare. A common approach 
is to drive a climate model with a single forcing and to keep the initial and 
the boundary conditions fixed. Thereby the impact of a specific forcing on 
the climate can be assessed. This approach does not intend to demonstrate a 
mono-causal relationship between a forcing and the climate variability but to 
estimate the relative effect from the single forcing on the climate system. 

Initial climate modelling efforts for the Holocene focused on the influence of 
changed seasonality from insolation changes. To obtain an estimate of the re
sulting climate changes connected with the monsoon circulation, pairs of equi
librium simulations with AGCMs were conducted (Fig. 4.1d, Sect. 4.3.2.1). 
From the comparison of these model results with paleo data it became appar
ent that feedback mechanisms between the atmosphere, the ocean, and the 
biosphere play an important role. Subsequent modelling studies estimated the 
relative contributions to climate changes induced by the exchange of fluxes 
of heat, moisture, momentum and carbon between the model components. 
This was done by either modifying one boundary condition at one model in
terface or by substituting one model component by another component of 
different complexity (Fig. 4.1e, Sect. 4.3.2.2). Transient climate simulations 
for the Holocene in which coupled models are driven by time-varying forcings 
are still limited. The limitation refers to the limited time duration of inte
gration and to physical/numerical limitations of the system model (Fig. 4.1£, 
Sect. 4.3.2.3). 
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4.3.2.1 Equilibrium Simulations with Atmosphere Models 

Among the climate studies on the interplay between internal and forced vari
ability in the Holocene, the Paleoclimate Modelling Intercomparison Project 
(PMIP) is an outstanding initiative. In PMIP 18 different AGCMs were em
ployed to simulate the climate change for the mid Holocene conditions while 
keeping the values at the boundaries with the ocean and the land surface 
fixed at the value for present conditions [514]. Mid Holocene was defined at 6 
kyr BP, when the ice sheet coverage from the Last Glacial Maximum (LGM) 
had retreated to the coverage of the present ice sheets. Also, the mean sea 
level and the atmospheric concentration of CO2 at mid Holocene are compat
ible with the pre-industrial values. Each AGCM experiment consisted of two 
equilibrium simulations obtained with the astronomical-induced solar forcing 
taken for 6 and 0 kyr BP. The enhanced seasonal cycle of the solar irradiance 
produced in all model simulations an enhanced African monsoon compared 
to simulations for present conditions. This result agrees qualitatively with 
observations. 

4.3.2.2 Equilibrium Simulations with Coupled Models 

In the second phase of PMIP, coupled GCMs of the atmosphere and the ocean 
were forced with solar irradiance for 6 and 0 kyr BP. The AOGCMs produced 
a further enhanced African summer monsoon compared to the AGCM simula
tions [572], [455], [99]. The enhanced monsoon circulation is associated with a 
stronger seasonal temperature response over land and a delayed response over 
sea, in close agreement to observations. But the northward shift of the biomes 
in North Africa remained insufficient compared with observations. Coupled 
AO model simulations for studying changes of the interannual and decadal 
variability in connection with the EI Nino-Southern Oscillation (ENSO) vari
ability, for which observational evidence exist, are still rare [784]. 

Feedback effects through the changes of the land surface during the 
Holocene have been studied by simulations with coupled models of different 
complexity. The simulations agree widely in identifying a positive feedback 
between the high vegetation fraction in North Africa and the monsoon cir
culation in the early and mid Holocene. It is found that the high vegetation 
fraction in the Sahara is connected with an enhanced monsoon precipitation 
which fosters the vegetation growth [570], [166], [172], [430], [355], [1054], 
[248]. 

Climate simulations with coupled AOV models indicate that the Holocene 
climate variability also results from the interplay of changes in surface albedo, 
water holding capacity of the soil, oceanic temperature, sea ice cover and 
atmospheric and oceanic circulation. In particular, in the early and mid 
Holocene the NH summer and the NH winter appeared to be warmer than 
present, although the insolation was stronger only in summer but weaker 
in winter. A potential explanation are the positive bio-geophysical feedback 
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mechanisms, such as the vegetation-snow-albedo feedback (biome paradox) 
in the high northern latitudes and the sea ice-albedo feedback in the Arctic 
ocean. 

4.3.2.3 Thansient Simulations with TilDe-varying Forcings 

Nonlinear interactions between climate systems components may induce ab
rupt climate changes in response to slowly varying forcings, as is the case for 
the orbital parameters. An example is the transient simulation with a coupled 
AOV model of intermediate complexity (EMIC) which reproduces the abrupt 
transition from the green Sahara to a desert between 6 and 5 kyr BP [167]. 
Observational support for the rapid transition is provided by the rapid increase 
of terrigenous dust accumulation in marine sediments off the North African 
coast. The green Sahara appeared as the one stable solution in the climate 
system in mid Holocene [166]. 

The first transient model simulation with an AOGCM to determine the 
effect of changes of the solar activity was performed by Cubasch et al. [209]. 
The simulations span the period 1700 to 1992 and produced a nonlinear re
sponse of the temperature distribution and of the overturning in the North 
Atlantic. The forcing for solar activity induced an enhanced spectral variabil
ity at decadal periods but not at overturning. conducted with an EMIC [356]. 
The latter simulation showed on the large scales a similar response in the 
global mean temperature and in the change of the transport of the meridional 
overturning. 

A first AGCM study on the response of the atmospheric circulation to the 
eruption of the Pinatubo reproduced the cooling of the Earth's temperature 
but also a local warming in northern Eurasia and North America similar to 
observations [391]. The forced climate variability from the combined solar 
and volcanic activity was estimated in a long-term simulation over the past 
1000 yr by an EBM of the atmosphere with a mixed-layer-ocean coupled to a 
deep ocean reservoir [201]. The reproduced global and annual mean variability 
of the NH temperature is compatible with the reconstructed temperature 
variability from paleo data. With the same solar and volcanic forcing Bauer 
et al. [53] used an EMIC and obtained large-scale patterns of climate changes 
in reasonable agreement with data. 

Climate models are also used to test different forcings to identify poten
tial mechanisms through which the observed climate variability can be re
produced. This was pursued in a model study by applying freshwater fluxes 
into the North Atlantic derived from observational data, to find that function 
through which the cold event at 8.2 kyr BP could be reproduced reason
ably [868]. This study reveals the importance of the meridional overturning 
stream function in the Atlantic for the Earth climate. But the sensitivity of 
the overturning function differs for different climate states. In interglacials, as 
in the Holocene, the overturning circulation is less sensitive to perturbations 
of the freshwater flux in the North Atlantic than at glacial times, when the 
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overturning circulation is highly sensitive to small freshwater flux perturba
tions [357]. Another sensitivity study with an EMIC revealed a link between 
changes of the solar-induced variability and the internal variability connected 
with the North Atlantic Oscillation [256]. The coupled mode of variability on 
decadal-centennial scales was seen to be robust when the decadal solar forcing 
variability was weak, but the decadal-centennial variability was damped when 
the solar forcing variability was amplified. 

4.4 Conclusions and Outlook 

The climate variability of the Earth system results from internal variabil
ity within the atmosphere, the ocean, the biosphere, and from the feedback 
mechanisms among them, as well as from external forcings. This wide range of 
causes for climate variability is often summarized as natural variability in con
trast to variability of anthropogenic origin which gains importance since about 
1850. The simulation of the manifold processes which spans time scales from 
days to millennia and which interact nonlinearly within the Earth climate 
system requires a chain of model investigations. In practice, model studies 
are dedicated to test a specific hypothesis. In doing so, model configurations 
are formulated in which, for reasons of feasibility, adequate Simplifications are 
introduced. It is obvious, that such modelling studies suffer from generality 
because contributions from nonlinear interactions within the climate system 
may have different effects for different states of the Earth climate. Therefore, 
systematic model investigations to assess the contributions from all relevant 
processes are essential to arrive at trustworthy simulations of the climate vari
ability. 

It is also apparent from the above discussion that there are many open 
and challenging problems of computational fluid dynamics in the area of cli
mate dynamics. One of the largest obstacles climate modelers encounter is 
the enormous amount of computer time needed to undertake the long time 
integrations with coupled climate models. Recently, numerical solution tech
niques have become more sophisticated, accurate and efficient, which are now 
started to be incorporated into the climate system models. 

Further attention has to be given to the inherent uncertainty in climate 
simulations. Due to the nonlinearity of the atmospheric, oceanic and bio
spheric dynamics climate simulations depend strongly on the initial condi
tions. Another source of uncertainty resides in the model formulations from 
parameterizations of subgrid-scale processes. Uncertainties associated with a 
model simulation of climate changes, can reasonably be assessed by ensem
ble simulations . Ensemble simulations are either obtained by using different 
initial or boundary conditions or by conducting an ensemble of simulations 
using different climate models. 

In view of the possibility of abrupt changes within the Earth climate sys
tem basic stable modes of the climate system and the probability for transi-
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tions between different stable modes need to be investigated. The occurrence 
of rapid transitions between different modes is evident from various obser
vational data. Assessments of the relevant mechanisms and the strengths of 
contributing processes can only be obtained from fully coupled atmosphere
ocean-vegetation model simulations. In model studies for the Holocene cli
mate variability, the North Atlantic and the Sahara were identified as regions 
which may influence multiple equilibrium solutions on larger scales. But fur
ther model studies are needed to obtain a fully consistent representation of the 
spatial patterns of variability and the spatially varying feedback mechanisms 
which are concatenated in the observations of the Holocene climate. 

The mutual analysis of proxy data series and Earth system modelling is the 
most promising approach for improving climate simulations. On the one hand, 
reliable hindcasts of the space-time distribution of the historical climate can 
be achieved by inserting the information of proxy data into climate models, 
either as forcing functions or through data assimilation methods. The assimi
lation of observed data into dynamical models is an optimal method in which 
the information of the observations is merged in a consistent manner with 
physical relationships contained in climate models. On the other hand, Earth 
climate models are helpful for interpreting observed time series of proxy data 
by producing prognostic time series which represent the model counterparts 
of the proxy data. In this way our understanding of the Earth system climate 
variability will improve which is the essential prerequisite for predicting the 
future climate variability with confidence. 



5 

Marine Paleoclimatology - Motivation, Tools, 
and Results 

Bert Rein 

Summary. During the past five decades, sediment records from a vast number of 
cores and sites have been investigated in order to study developments, extent and 
reasons for paleo-climatic variations. Pioneering work has been done not only for 
marine geology. Methods for the extraction of more or less quantitative paleo-climate 
signals as well as for the dating of records were developed or refined. Evidence for 
long-term climatic change comes from marine cores, whose time coverage reaches 
far beyond that of terrestrial archives. Within the space of this paper not even an 
attempt can be made to give a comprehensive review on marine paleoclimatology. 
Instead it will give an insight into the marine paleo-climatologist's toolbox. Only 
selected, most widely used methods can be presented in context with related exem
platory findings. The reader is advised to [1144] for a more extensive review. 

5.1 Introduction 

The second section presents micropaleontological methods used to estimate 
paleo-temperatures. The third describes the basic knowledge on Quaternary 
climate which has been derived from oxygen isotopes. Insights into the re
peated growth and fading of glacial ice-sheets comes from this proxy, but 
less paleo-temperature information, that was originally expected. The next 
section presents the alkenone thermometer and closes the group of proxies 
dealing with paleo-temperature. Proxies for estimating organic matter pro
duction and nutrient availability in the paleo-oceans are introduced in the 
Sects. 5.5 and 5.6. The section on ice-rafted detritus discusses the interac
tion of northern ice-sheet destruction, the input of terrestrial litho clastics and 
ocean circulation. Section 5.8 gives a view on atmospherical changes as re
constructed from marine records of dust. The special use of laminated marine 
sediments is described in Sect. 5.9 and leads to the last section, which is about 
problems with the radiocarbon dating of young marine sediments. 
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Proxy parameter 

Proxy data for temperature, salinity and nutrients are widely used to re
construct surface water conditions or to distinguish domains of paleo-water 
masses. These proxy data are mostly derived from microfossils (e.g., foraminife
ra, diatoms, coccolithophorides etc.). Assemblages from different habitats 
(e.g., depth levels), paleo-conditions (e.g., temperature, salinity, nutrients) 
of well defined environments (tropical, subtropical, boreal, polar) can be re
constructed either directly by indicator species or indirectly by geochemical 
and isotopic analysis of microfossil remains. 

Temperature is one of the most prominent parameters describing climate. 
Therefore, from the beginning of marine paleoclimatic research, the ocean 
temperature, particularly the sea surface temperature (SST), was of major 
interest because it controls the heat and humidity exchange with the atmo
sphere and thus the salinity via the precipitation/evaporation ratio. 

5.2 Micropaleontology 

The derivation of paleoclimate proxy data from microfossils is described 
in [531]. First paleo-climate interpretations of marine cores used the occur
rence of microfossil assemblages to coarsely separate time domains with cooler 
and warmer surface waters (e.g., [34]). In a next attempt, microfossil analysis 
concentrated on the abundance (semiquantitative estimations) and coiling, or 
other morphological changes [532], [530], of selected, ubiquitous, temporally 
persistent and sensitive species for the derivation of paleo-temperature and 
water conditions at all [282]. For the same reason, species and assemblage ra
tios were calculated after counting the individuals in entire assemblages [617]. 

The step to quantitative paleo-temperature estimations was taken during 
the Climap project [490], [710]. Throughout the entire Atlantic, surface sedi
ment samples were analyzed for their microfossil assemblages and compared 
to modern sea surface conditions. Relations between water conditions and 
microfossil abundance were then searched by factor and regression analysis. 
Basing on the found relationship, transfer functions were developed. Trans
fer functions can be applied to estimate paleo-temperatures from microfossil 
assemblages in sediment cores after calibration with the modern situation (mi
crofossil assemblage, water temperature). In the same sample, cool and warm 
season paleo-temperatures can be derived from different species. Foraminifera 
are predominently used because they occur both, globally as well as in a 
wide stratigraphic range, and the ecological significance of the species or 
assemblages is well known. The first paleo-temperature map was produced 
by CLIMAP [171]. Applying the transfer functions to sediment cores from 
the Atlantic, CLIMAP reconstructed the paleo-isotherm pattern at 18,000 
BP (Fig. 5.1). 



5 ~,'1arine Paleoclimatology - Motivation, Tools, and Results 79 

Fig. 5.1. Microfossil derived seasonal paleotemperatures 18,000 BP ([169], modified) 

5.3 Oxygen Isotopes 

Emiliani [276) introduced another approach for paleo-temperature estima
tions in which he used the temperature-dependent fractionation of oxy
gen isotopes [1082). Compared to the micropaleontological reconstructions, 
the 180;t60 oxygen isotope ratio revealed similar but up to three times 
greater temperature fluctuations. Shackleton [961) explained these discrep
ancies showing that most of the 180;t60 variation is not a local but a 
global signal. The typical 100,000 year saw-tooth pattern is caused by the 
glacial/interglacial alternation of melting and growing ice-sheets in which the 
lighter 16 0 isotope is enriched. With second order variance, the glacial times 
can be further subdivided into warmer (less ice) and cooler stages (more ice). 
Cores from the Atlantic and Caribbean displayed 8 cold stages [275), which 
were also found in a later and longer core from the Pacific, which already 
contains 11 cold stages within the last 0.8 ma [963]. A first oxygen isotope 
stratigraphy covering the Quarternary [964) was developed on a Pacific core 
(V28-239) and revealed at least 17 extensive cold stages during the last 1.5 mao 
Meanwhile, similar results could be reproduced from cores worldwide, show-
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ing that changing ice-volumes could be traced far into the Tertiary [1064] and 
a progressive intensification of glaciations since then [696]. The quasi-cyclic 
isotope variations inspired frequency analyses which, indeed, revealed cyclic 
oxygen isotope variations. These coincide with theoretical insolation varia
tions at 65°N [440] which were calculated from variations in the earth's orbit 
[725]. During the last 400 ka, variations were forced by the eccentricity of the 
earth's orbit (100 ka cycle), whereas previously obliquity (41 ka cycle) and 
before that precession (19-23 ka) were the dominant cycles [910]. 

Consequently, long oxygen isotope records from all oceans display very 
similar patterns. Their first-order global signature makes them a valuable 
global core correlation tool with dating uncertainties of up to 1-2,000 years, 
the time needed to distribute the signal throughout the ocean. 

Attempts to separate the local signal, which mainly depends on tempera
ture and salinity were tried out in an effort to improve ice volume estimations. 
Therefore, the focus of oxygen isotope determinations changed from pelagic 
foraminifers to benthic species in an assumedly more temperature invariant 
environment. However, Chappell and Shackleton [151] found that even the 
temperature of Pacific bottom water varied by 1.5°C during the late Quar
ternary. Records of sea-level changes (e.g., [293], [766]) are taken into consid
eration in order to eliminate the global signal from the oxygen isotope records 
[962], [697]. 

5.4 Alkenones 

In the eighties of the last century organic geochemistry added a new method 
for the reconstruction of paleo-sea surface temperatures using coccolithophorid 
algae synthesized alkenones [105], [834]. Relative concentrations of unsatu
rated methyl ketones show a linear relation to growth temperature because 
these algae vary their membrane fluidity with the unsaturation. Other than 
absolute concentration, the ratio of the di-, tri- and tetra-unsaturated frac
tions seems to be unaffected by diagenesiS [834]. Therefore, paleo-SST can 
be estimated from alkenone ratios of the sediment. An UK 37-index or alter
natively the UK/ 37-index is formed when the tetra-unsaturated component 
could not be found. The most widely used calibration of unsaturation in
dex (UK 37) to temperature is the model of Prahl et al. [835], which relies on 
culture experiments and works at water temperatures between 5-28°C. An 
extended temperature range between 0-29°C for the UK/

37 is derived from 
a global set of surface sediments [741]. Meanwhile, alkenone analysis is one 
of the major tools for the estimation of paleo-temperature and also for the 
paleo-bioproduction to which the alkenone concentration is related (e.g., [668], 
[273]). 

Alkenone paleo-temperature and oxygen isotope variation (Fig. 5.2), de
rived from the same core off the shore of California, reveal that surface water 
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Fig. 5.2. Alkenone paleo-temperatures and oxygen isotopes variations in a 500 ka 
record from the eastern Pacific ([453), modified) 

5.5 Organic Matter, Carbonate and Opal 

A point at issue for climate change discussion is the CO2 exchange at the 
ocean/atmosphere interface. Less than 2% of CO2 is stored in the atmosphere 
and in terrestrial biomass together, but more than 98% in the oceanS. There
fore the marine carbon cycling and its relation to past climatic change focussed 
much research (e.g., [921], [298], [142]) . 

Atmospheric carbon dioxide is fixed in the algae biomass as organic mat
ter or carbonaceous skeletons. Raining down, algae organic matter is largely 
decomposed. The deeper water is consequently depleted in 02 and enriched 
in CO2 and nutrients. Increasing CO2 concentrations have an effect On the 
organic carbon and carbonate sedimentation. Aragonite and calcite in the 
skeletons are dissolved below aragonite (ACD) and calcite (CCD) compensa
tion depth [531], both a function of the CO2 partial pressure. Variations in 
the compensation depths will lead to a temporally variable lateral extension 
of carbonate sedimentation. Most of the deep sea sediments contain less than 
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0.5 weight percent organic carbon. Significantly higher contents are known 
in sediments from the Oxygen Minimum Zone (OMZ) , where organic mat
ter mineralization is reduced. Oxygen minimum conditions form below high 
bioproductivity zones and in basins which poorly exchange with the ocean 
(Fig. 5.3, see also Sect. 5.9). 

primary production 

(,educed ' ... 1""' ..... 11(0) 

Fig. 5.3. Marine organic matter and carbonate deposition 

Comprehensive papers on a wide variety of methods to study the highly 
productive modern and paleo-upwelling systems can be found in in [1055], 
[69], [1028] and [1027]. The most widely used methods to estimate paleo
bioproductivity are the organic carbon and the opal content of the sediments 
[667). These parameters have become routine for marine sediment analysis 
because fossil content is supposed to be related to population density (pro
ductivity). Nevertheless, their transfer into paleo-bioproductivity estimations 
is complicated by organic matter mineralization and dissolution in the water 
column and sediment. 

Worldwide, paleo-productivity estimations reveal a rather heterogeneous 
pattern. Nutrient availability rather than temperature, is the limiting factor 
in most marine settings and related to local, regional and global ocean cir
culation [652]. Nutrient export due to humidity variations on the continents 
is restricted to continental margin settings. Therefore, paleo-productivity es
timates from a global grid of locations will have to be evaluated on an ab
solute time scale before searching for relations to ice core atmospheric CO2 

data [312], [816]. 

5.6 Carbon Isotopes, Trace Metals 

Stable carbon isotopes and trace metals (e.g., Cd) are other tools used to 
explore bioproductivity and nutrient availability. In addition, they are also 
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proxies for the reconstruction of pathways and thickness of deep currents 
[134], [130], [1180]. 

In the euphotic level, trace metals are a limiting factor for marine al
gae growth, therefore preserved microfossils record the trace metal (nutrient) 
availability during their lifetime. The Cd/Ca ratio in foraminifers was intro
duced by Boyle [98] to approximate the phospate content of the water. 

Since photosynthesis works much faster with the lighter carbon isotope, 
12C is predominantely fixed into organic matter and depleted in the water. 
The more biomass is produced and deposited, the more the heavier 13C iso
tope is enriched in CO2 of the surface water [70]. When organic matter rains 
down, it is remineralised and the deep water becomes enriched in 12C and 
coprecipitated nutrients (Fig. 5.4). It becomes the more enriched the longer 
this deep water mass has no contact to the surface and remineralisation is 
effective. Deep and intermediate water formation and deep ocean circulation 
therefore promote the formation of differentiated 13 C rich and 13 C poor wa
ters. In contrast to the simplification given above, the interpretation of the 
carbon isotope signal is difficult. Besides the vital and dissolution effects, the 
carbon reservoir is rather heterogeneous, especially in coastal areas. Examples 
for important findings related to these proxies will be given in the next section 
in the context of water-mass formation and migration. 

oxygenated seafloor anoxic seafloor 

Fig. 5.4. Effect of burial of organic carbon on the carbon isotope ratio of seawater 
and plankton ([70], modified) 
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5.7 Ice-rafted Detritus (Terrigeneous Clastics) 

When, in the early eighties, Heinrich investigated the suitability of North At
lantic deep ocean sediments for dump of less radioactive waste, he made a very 
important discovery in a quite different field. Searching for a tool to correlate 
his cores, he used high resolution grain size analyses. These revealed that the 
fine-grained sequences contain distinct layers with coarse, ice-rafted debris 
(IRD) [445]. Sand and coarser particles were long known and reported in the 
North Atlantic sediments [909] but not their occurrence as distinct layers, al
though Pastouret et al. [803] describe "ice-triggered turbidite deposits". The 
significance of this discovery was not understood until Broecker et al. [132] re
ported sequences with Canadian carbonate rocks in the debris layers, several 
hundreds of kilometers to the west. Subsequent, research on multiple cores re
vealed similar sequences and the decreasing thickness of the debris layers from 
the western to the eastern Atlantic. Their deposition occurred every several 
thousand years and lasted for one or two millenia [91]. Broecker named the 
layers 'Heinrich Layers' or 'Heinrich Events' (HI-6, Fig. 5.5) and interpreted 
them as ice-rafted debris (IRD) from melting 'iceberg armadas' which came 
from the huge Laurentide ice-sheet. MacAyeal [670] proposed internally (me
chanically) triggered collapses of the Laurentide ice. Also, evidence was found 
for ocean surface cooling [88], [213] preceding carbonaceous IRD of Heinrich 
events by 500-1,000 years. Mechanisms of ice sheet destruction during cooling 
phases are proposed by Bond and Lotti [89], Alleyet al. [12] and Hulbe [479]. 

North America was not the only source for IRD. Icelandic volcanic glass 
and hematite-stained grains from Red Bed sedimentary rocks coincide with 
the North American IRD maxima [88]. With time, more North Atlantic source 
regions for IRD during Heinrich Events were reported [869] as well as simul
taneous but partly antiphase events outside the Atlantic in both hemispheres 
[551], [14], [920]. Geochemical tracers as element ratios (e.g., metal/AI, [844]), 
biomarkers [906] or magnetic susceptibility [872] were used as tracers for ter
rigeneous sediment supply, not only in conjunction with IRD but also as dust 
and fluvial input tracers. 

Bond et al. [87] reported that Heinrich events and signals of abrupt 
climatic change in the Greenland ice cores (Dansgaard/Oescher events -
DO, Fig. 5.5; [216]), were closely linked with similar events even within the 
Holocene and with bi-hemispheric imprints. Finally, Bond et al. [91] demon
strated that millenial-scale climate variability in the Greenland ice-cores and 
IRD [89] in the North Atlantic sediments during the entire last 80 kyr was 
probably not forced by ice sheet instabilities, but through modulation and am
plification of a pervasive 1-2 kyr cycle during DO events. The North Atlantic 
Holocene climate oscillated at this frequency [90], as documented by IRD de
rived from Icelandic volcanic glass and from Red Bed sedimentary rocks with 
severe cooling and increased amounts of southward rafting icebergs. Accord
ing to his theory, the 'Little Ice Age' represents the temporarily last in a series 
of cooling events. 
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Fig. 5.5. Heinrich events in a detrital carbonate record [91] and oxygen isotopes in 
GISP2 [401] 

The causes for the 1-2 kyr cooling and meltwater pulses are still unknown 
as are their consequences for the North Atlantic deep-water (NADW) forma
tion, which is as far as we know, the main driving force for the Atlantic
Indo-Pacific conveyor. A huge oceanic system of linked deep, intermediate 
and surface water currents exchanges heat and dissolved substances (gases, 
ions) between all oceans. The Gulf Stream (North Atlantic Current), to which 
Europe owes its warm climate when compared to other regions at the same 
latitude, is part of this system. The far polward penetrating warm water cur
rent is driven by mass deficits in the Northern Atlantic, where surface water 
is transformed in a downward current into southward flowing North Atlantic 
intermediate (NAIW) and deep-water (NADW). The volume of the North 
Atlantic downwelling is about 16 Sverdrup (1 Sv = 106m3/s), 160 times the 
volume of the Amazon river [1035]. 

At low latitudes, vapor is exported (150 mm/a) from the Atlantic into 
the Pacific, thus producing higher salinity in the Atlantic compared to other 
oceans. High salinity together with cooling is mandatory for the genera-
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tion of dense, downward sinking waters. A great many investigations on 
glacial/interglacial and Milankovitch scale variability of NADW formation 
have been conducted and have revealed that glacial deep water formation 
was weakened in favour of the formation of less dense intermediate waters 
(NAIW) [574]. The same thing happened during Heinrich events [213] and 
the Younger Dryas [473]. At the same time, the northward flowing Antarctic 
Bottom Water (AABW), normally underlying the southward NADW, more 
than doubled in thickness, at least in the western equatorial Atlantic, where 
surface temperatures cooled by 2-3°C. The deep currents were distinguished 
by their nutrient concentration which is recorded in the 813C isotope signature 
and trace metal (e.g., Cd) concentration in microfossils. NADW and NAIW 
are both depleted in nutrients (low Cd, high 813C) compared to the AABW 
[97], [263]. 

Curry et al. [213] state that reduced NADW production is not caused 
by meltwater advection but increased ice-rafting occurred within periods of 
reduced NADW production. They found that reduced NADW production 
began and ended several thousand years before and after the Heinrich events. 
Maslin et al. [697] argue indications for cooling prior to the Heinrich events 
and postulate that salinity reductions by meltwater pulses switched off the 
NADW production. 

5.8 Eolian Dust (Terrigeneous Clastics) 

Eolian dust is one of the major sources for the clastic fraction of deep sea 
sediments in all remote regions of the world oceans [846], [609]. Its mineralog
ical composition is largely controlled by the geology of the source area, but 
quartz is always abundant as being the mineral most resistant to chemical and 
physical weathering. Minerals that are indicative of a specific source area and 
which can be used as provenance tracer are dolomite, palygorskite and clay 
minerals. In combination with an isotopic fingerprint (Nd, Sr, Pb) provenance 
can be detected quite accurately. 

Past windtracks and windspeed can be deduced from gradients in the grain 
size composition, which consists of fine sand near the entrainment areas and of 
fine silt and clay over the central parts of the ocean. A well developed modal 
grain size in the silt fraction is still one of the best records to track dust in 
deep sea sediments as well as on land (loess). 

Eolian dust over the modern ocean is mainly derived from the Sahara 
(equatorial Atlantic and Mediterranean), Arabia and Mesopotamia (Arabian 
Sea), central China (North and equatorial Pacific), Australia (southern Indian 
Ocean and western Pacific), and North America (North Atlantic). All these 
source areas have been detected in the deep sea record from gradients in the 
accumulation rates and composition of the eolomarine dust, and also by anal
ysis of satellite images during most recent times. A compilation of modern 
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data comes from ship observations, which have logged the occurrence of min
eral dust in the air over a long time. The maps by McDonald ([708], Fig. 5.6) 
have been produced in the 1930s, but their content is still up to date. 

Accumulation rates of eolian dust were about doubled in the near conti
nental regions of the Arabian Sea and the Atlantic and Pacific oceans dur
ing last glacial times (Fig. 5.7). Continents were dry (favouring entrainment) 
and wind speeds (favouring transport) were much higher than today due to 
changed atmospheric circulation. Dust in the high latitude ice cores is very 
fine grained (clay and fine silt) and stems largely from China (Greenland) or 
Patagonia (Antarctica) and has travelled over thousands of kilometers in the 
middle and upper troposphere. 

Fig. 5.6. Seasonal dust deposition from shipboard observations ([708], modified) 

Numerical modelling of dust transport and deposition has reached an ad~ 
vanced level and a proxy data based model was recently run [546], depicting a 
nice match of deep sea records, modern satellite based aerosol concentration 
and the model output. 

5.9 Laminated Sediments 

Most of the ocean floor is oxygenated and exposed to sediment mixing by 
bioturbation, so that high-frequency paleoclimatic and oceanographic Signal 
variations (for example related to monsoon or ENSO) might be blurred. Very 
high resolution, seasonal information from oxygenated parts of the ocean is 
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Fig. 5.7. The geological record of dust deposition [546] 

provided by corals. The role of corals as paleo-archives is summarized by Felis 
and Patzold [301]. 

The effect of bioturbation can be excluded for laminated marine sediments, 
but these are only known from a few localities and limited time intervals 
(Fig. 5.8). 

Laminated sediment sequences occur on the shelf and continental slope, 
where terrestrial detritus is deposited in excess and faster than bioturbation 
can mix the sediment surface. Large amounts of authochthonous matter are 
deposited below upwelling regions, where primary production is forced by nu
trient supply from upwelling waters. Waters below the upwelling cells can 
be strongly depleted in oxygen as a consequence of extensive organic matter 
consumption and oxidation. Oxygen minimum conditions (oxygen minimum 
zone - OMZ) also occur in enclosed sedimentary basins with low rates of wa
ter exchange or where nutrients and organic matter are supplied in excess by 
rivers. The OMZ inhibits or prevents bioturbation and produces favourable 
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Fig. 5.S. Occurrence of Last Glacial to Holocene laminated marine sediments and 
time coverage of selected sites ([996], modified) 

conditions for the preservation of sediment sequences with undisturbed lay
ering. The sequences are varved if the laminations have a seasonal character. 
Varved sequences can be continuously dated either absolutely or relatively, 
when the chronology is floating. Information on the velocity of climatic tran
sitions and the duration of short climatic events can be derived from varved 
sediments. For example, the comparison of annually laminated sediments from 
the Cariaco Basin with Greenland ice core data (Fig. 5.9) revealed very similar 
timing in variations during the Late Glacial of both records [474], [475]. 

5.10 Radiocarbon Dating 

The finding of teleconnections between remote sites and/or different kinds of 
paleoclimate archives is the final goal. There are more or less strong similarities 
in the proxy data of paleoclimate records within or between the oceans, and 
between the tropics and archives at higher latitudes (e.g., [475], [946], [979]). 
This gives rise to the question where global climate variations start. Do the 
tropics lead the higher latitude climate or does the later force. The recognition 
of lead and lag is mainly hampered by dating uncertainties, as long as these 
are not significantly smaller than the scale of climate variation pattern. 

Radiocarbon dating is the most widely used method to date young 
« 50 ka) marine sediments because carbon is available in almost all sedi-
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Fig. 5.9. Late Glacial climatic oscillations in annually laminated marine sediments 
from the tropics and in ice core data from Greenland ([473], modified) 

ments. When calibration of terrestrial carbon is ambiguous, marine organic 
matter age calibration is even more complicated by reservoir carbon in the wa
ter and by the redeposition of organic matter. Carbon dioxide is transported 
at depth. These water masses and their CO2 content can form hundreds of 
years before their carbon is taken up by benthos or before it is remixed (diffu
sion) with higher water levels and finally to surface water where it is taken up 
by plankton. A spatially heterogeneous marine isotope signature is produced 
which is different from the homogeneous atmospheric signature. Therefore, 
transformation of marine radiocarbon dates in calendar years is complicated 
by the spatial and temporal variability of reservoir ages. Near the sea surface, 
mean marine reservoir age is about 400 years [1024), but it may exceed this 
by several hundreds of years [533). Additional error and dating uncertainty 
may derive from the redeposition of organic matter. 
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Corals as Climate Archive 

Thomas Felis and Jiirgen Patzold 

Summary. Instrumental climate records are too short to resolve the full range of 
decadal- to multidecadal-scale natural climate variability. Massive annually banded 
corals from the tropical and subtropical oceans provide a paleoclimatic archive with 
a clear seasonal resolution, documenting past variations in water temperature, hy
drologic balance, and ocean circulation. Recent coral-based paleoclimatic research 
has focused mainly on the tropics, providing important implications on the past 
variability of the El Nino-Southern Oscillation phenomenon and decadal tropical 
climate variability. New records from some of the rare subtropical/mid-latitude lo
cations of coral growth were shown to reflect aspects of dominant modes of Northern 
Hemisphere climate variability, e.g., the North Atlantic Oscillation/Arctic Oscilla
tion. These natural climatic modes have important socio-economic impacts owing 
to their large-scale modulation of droughts, floods, storms, snowfall, and fish stocks. 
Coral records from key locations provide the opportunity to assess recent shifts of 
these modes with respect to the natural climate variability of the pre-instrumental 
period. Providing a better understanding of their dynamics, coral records, together 
with records derived from other paleoclimatic archives, are essential for a better 
predictability of future climate. 

6.1 Introduction 

Instrumental climate records are too short to resolve the full range of decadal
to multidecadal-scale natural climate variability. Banded corals, tree rings, ice 
cores, and varved sediments provide paleoclimatic archives which can be used 
to reconstruct past climate variability in the pre-instrumental period in an
nual resolution. These proxy climate indicators provide paleoclimatic records 
which are important for the assessment of perturbations to the natural climate 
variability by anthropogenic forcing, for climate predictability and for a better 
understanding of the dominant modes of the global climate system, e.g., the EI 
Nino-Southern Oscillation (ENSO) phenomenon of tropical Pacific origin, the 
Asian and African monsoon, the North Atlantic Oscillation (NAO)/ Arctic Os
cillation (AO), the Pacific Decadal Oscillation (PDO), and the mechanisms 
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of decadal climate variability. These natural modes have important socio
economic effects owing to their large-scale modulation of droughts, floods, 
storms, snowfall, or fish stocks. 

Massive 'stony' (scleractinian) corals from the modern and fossil reefs of 
the tropical and subtropical oceans provide an important archive of past cli
mate and ocean variability. These corals build skeletons of aragonite (CaC03) 

and grow at rates of millimeters to centimeters per year. During growth, an
nual density bands are produced in the skeleton that can be used for the devel
opment of chronologies. As corals grow they incorporate isotopic and elemental 
tracers reflecting the environmental conditions in the ambient seawater during 
skeleton secretion, e.g., water temperature, hydrologic balance (evaporation, 
precipitation, runoff), and ocean circulation. Compared to other paleoclimatic 
archives corals provide a clear seasonal resolution. Modern corals from living 
reefs provide continuous climate records extending several centuries back from 
the present. Well-preserved fossil corals from emerged or submerged reef ter
races provide information on climate variability during time-windows through
out the late Quaternary. The most commonly used corals in paleoclimatology 
are those of the genus Porites which are ideally suited for sub-annual sampling 
owing to their dense skeletons and rapid growth rates (about 1 cm per year). 

Most reef-building (hermatypic) corals live in the upper'" 40m of the 
ocean where there is sufficient light for the photosynthetic activity of a coral's 
endosymbiotic algae (zooxanthellae). Furthermore the development of coral 
reefs is restricted to warm water temperatures. Most corals are located in 
regions where mean annual temperatures are not below 24°C and/or mean 
winter minimum temperatures are not below 18°C, i.e., roughly equator
wards of 23-24° latitude. Therefore recent coral-based paleoclimatic research 
has focused mainly on the tropics providing important implications on past 
variability of the ENSO phenomenon and decadal tropical climate variabil
ity (e.g., [175], [153], [174], [1081]). However, some ocean currents transport 
warmer tropical waters to higher latitudes leading to coral growth also at 
some rare subtropical/mid-latitude locations. These locations have provided 
the opportunity to study coral records from up to '" 29°S in the southeast
ern Indian Ocean [563]; '" 32°N in the North Atlantic [798], [797], [68], [562], 
and '" 28-29°N in the northern Red Sea [300], [299], [874]. These paleocli
matic records were generated from living corals covering the past centuries. 
In contrast, fossil corals have revealed important aspects on climate vari
ability during time-windows of up to decades throughout the Holocene [57], 
especially the Mid-Holocene [352], [191], [738], and the last interglacial warm 
period [476]. 

The paper is organized as follows. In Sect. 6.2 the construction of the age 
model for coral chronologies is described. In Sect. 6.3 the main climate tracers 
which are used in coral-based paleoclimatology are introduced. In Sect. 6.4 
important coral-based climate reconstructions are presented. In Sect. 6.5 the 
new field of deep-sea corals is summarized. In Sect. 6.6 open problems with 
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respect to the use of climate tracers in corals are discussed. Finally, in Sect. 6.7 
future directions in coral-based paleoclimatology are suggested. 

6.2 Annual Density Banding and Age Model 

As corals grow, new skeleton is generated within the living tissue layer which 
always remains as a thin band (of several millimeters width) at the outermost 
surface of a colony. Centuries-old coral colonies can become several meters 
high considering typical growth rates for Porites of about 1 cm per year. Such 
large living corals are usually sampled by drilling a core vertically from the 
top to the bottom of a colony along the major axis of growth. 

In general, coral skeletons reveal a pattern of alternating bands of high
and low density, with each year being represented by a pair of such bands. 
The density variations result from changes in a coral's rate of calcification 
and/or growth. The preliminary age model of a coral chronology is usually 
based on counting the annual density-band pairs. The counting starts at the 
top of a coral core within the tissue layer whose age is known from the date 
of collection of the core, provided a living colony was drilled. The preliminary 
age model based on banding is then refined using the seasonal cyclicity of 
isotopic or elemental tracers in the coral skeleton that reflects the seasonal 
cycle of temperature or light. 

Well-preserved fossil corals can be dated either using radiocarbon or the 
230Th/234U method. The 230Th/234U method is applied to date corals which 
are older than 30,000 to 45,000 years which is the limit of the 14C method. 
Furthermore, 230Thj234U ages can be considered as absolute ages compared 
to 14C ages, which are influenced by ocean reservoir effects and variations in 
the 14C level of the atmosphere. The dating of a fossil coral provides a floating 
chronology for which top and bottom ages are known only approximately. 

6.3 Climate '!racers in Corals 

6.3.1 Annual Growth Rates 

The annual growth rates of corals can be inferred from the annual density
band pattern and can provide a paleoclimatic tracer. Coral growth rates can 
reflect several environmental parameters such as temperature, nutrient or food 
availability, water transparency, and sediment input. An 800-year record of 
coral growth from Bermuda in the North Atlantic was shown to reflect tem
perature variability, probably as a result of enhanced coral growth during 
periods of increased wind-induced vertical mixing resulting in cooler but nu
trient richer surface waters [798], [797], [68]. However, due to the dependence 
on several environmental factors growth rate variations in most corals are 
difficult to interpret in climatic terms. 



94 Thomas Felis and Jiirgen Piitzold 

6.3.2 Oxygen Isotopes 

The ratios of the isotopic species of oxygen eSoj160) incorporated in coral 
skeletons during growth, reported as 01S0, are primarily influenced both by 
the temperature and the 01S0 of the ambient seawater during skeleton precip
itation. In localities where one of these two environmental factors dominates 
the other, coral 01S0 records can therefore provide information either on vari
ations in water temperature or in 01S0 of the seawater with the latter being 
related to the hydrologic balance. 

As temperature increases, there is a decrease in the 01S0 (depletion 
in lSO) of the coral skeletal aragonite. Near-weekly resolution calibrations 
of Porites coral 01S0 variability suggest a temperature dependence of 0.18%0 
per 1°C [353]. This ratio is supported by a regression of several long annually
averaged Indo-Pacific Porites coral 01S0 records against local SST anomaly 
which indicates a ratio of 0.19%o;oC [289]. 

Variations in the 01S0 of the seawater can result from evaporation (en
richment in lSO), precipitation (enrichment in 16 0), or runoff (enrichment 
in 160), i.e., such variations reflect the hydrologiC balance. Water mass trans
port also can playa role. High evaporation results in both, an increase in the 
01S0 of the seawater and a higher salinity; high precipitation or runoff have 
opposing effects. 

The environmental interpretation of the ratios of the stable isotopic species 
of carbon e3 Cj12 C) incorporated in coral skeletons, reported as coral 013 C, 
is complicated because of interactions with physiological processes such as 
symbiont photosynthesis and respiration. In some cases, a strong signal can 
emerge. For example, we found that a coral 013C record from the north
ern Red Sea documents interannual events of extraordinarily large plankton 
blooms caused by deep vertical water mass mixing in certain winters. We 
think that this is a result of changes in the coral's food uptake, i.e., increased 
heterotrophic feeding on zooplankton during the periods of high plankton 
availability [300]. 

6.3.3 The Strontium/Calcium Ratio 

Because of the dependence of coral 01S0 on both temperature and seawater 
01S0, with the latter covarying with salinity, there is the need for additional 
proxies either solely reflecting temperature or salinity, respectively. Concen
trations of some of the various trace elements incorporated in coral skeletons 
during growth were shown to be dependent on the temperature of the ambient 
seawater during skeleton precipitation. 

SrjCa ratios in corals were shown to provide a promising proxy for water 
temperature variability [56], [706], [8], [352]. However, there are still differ
ences in the temperature calibrations between different studies. The aver
age of several coral SrjCa calibrations suggests a temperature dependence of 



6 Corals as Climate Archive 95 

0.062 mmol/mol per 1°C [351], but it is not known whether this coral Sr/Ca
temperature relationship is generally valid for Porites. Other temperature
sensitive trace elements incorporated in coral skeletons are Mg and U. Recent 
studies revealed that U /Ca ratios in corals could provide a temperature proxy 
comparable in accuracy to Sr/Ca [191] whereas Mg/Ca ratios probably do 
not [945]. 

Coral Sr/Ca ratios are influenced by the Sr/Ca ratio of the ambient sea
water during skeleton precipitation. Due to the long residence times of Sr and 
Ca in the ocean (millions of years) the Sr/Ca ratios of seawater are supposed 
to be constant on glacial-interglacial timescales (e.g., [406]). However, some 
works indicate that seawater Sr/Ca ratios can vary significantly between sites 
[241] as well as at the same location over the annual cycle. Seawater Sr/Ca 
ratios were shown to be correlated with nutrient variability, e.g., at upwelling 
sites [241]. Furthermore it was suggested that during glacial conditions the 
Sr/Ca ratio of seawater could have been significantly different due to the 
weathering and dissolution of Sr-enriched aragonitic carbonates exposed on 
the continental shelves [1013]. 

Combined determinations of 8180 and Sr/Ca in corals can provide infor
mation on 8180 seawater as well as temperature variability, through removing 
the temperature component of the coral 818 a variations which is derived from 
the coral Sr/Ca signal [706], [352]. If the relationship between 8180 of seawater 
and salinity is constant over time, the double-tracer technique of coupled 8180 
and Sr/Ca measurements in corals can be used to reconstruct past variations 
in ocean surface salinity. 

6.3.4 Radiocarbon 

Radiocarbon e4 C) incorporated in coral skeletons during growth reflects the 
14C content of the dissolved inorganic carbon (DIC) of the ambient seawater 
during skeleton precipitation and provides a useful tracer for ocean circula
tion and upwelling. The 14C content of the surface ocean is controlled by 
the 14C level of the atmosphere (equilibration time about a decade) and by 
mixing with waters which have a different 14C signature (e.g., [893]). The lat
ter can result from changes in the depth of the mixed layer or thermocline or 
changes in the rate of vertical mixing and upwelling which brings radiocarbon
depleted waters to the surface. Another factor is the horizontal advection of 
surface waters with a different 14 C signature from other oceanic source regions 
(e.g., [257]). The 14C content is reported as ~14C (%0), which is the 14Cj12C 
ratio relative to a standard. 

The atmospheric testing of nuclear weapons in the 1950s and early 1960s 
increased the ~14C of the surface ocean. During this time of rapidly increasing 
bomb 14C in the atmosphere air-sea exchange was the primary controller 
on surface ocean ~14C. This increased the natural ~14C gradient between 
surface and subsurface waters and makes recent coral ~14C records from 
the surface ocean very sensitive to changes in upwelling, but also to changes 
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in the horizontal advection of water masses which upwelled elsewhere (e.g., 
[407], [410]). Because the rate of biological processes on ~14C DIC as well 
as radioactive decay are negligible relative to surface water dynamics and 
the timeframe of interest, respectively, ~14C in surface waters is a quasi
conservative, passive tracer for advection [410], [409]. 

6.4 Climate Records from Corals 

6.4.1 Past Centuries 

Current paleoclimatic records which are based on (5180, Sr/Ca, or ~14C de
terminations in modern corals do not extend back beyond the year 1600. This 
is due to the fact that most still growing massive corals which can be found 
in the modern reefs are not older than about 100 to 350 years. Furthermore, 
these centuries-old coral colonies are usually quite rare in most reef environ
ments. Most long coral-based paleoclimatic records are the result of extensive 
surveys to discover the biggest colony of an area. 

The generation of century-long coral stable isotope records in annual res
olution started in the 1980s [796]. The longest coral stable isotope time series 
available is a 347-year record from Galapagos [261]. More recent studies ex
ploit the clear seasonal resolution which corals can provide. However, of the 
published coral records which are currently archived in the World Data Center 
for Paleoclimatology only 8 have seasonal or higher resolution beyond 1850 
(Fig. 6.1). The records in Fig. 6.1 are based on (5180 with the exception of the 
Rarotonga record which is based on Sr / Ca [622]. The latter was generated by 
applying a newly developed method for rapid analysis of high-precision Sr/Ca 
ratios in corals [945]. These coral records cover a latitudinal range of'" 28°N 
to '" 29°S in the Indian and Pacific Oceans (Fig. 6.2). Most of these records 
are correlated with local and regional climate variability but also reflect as
pects of large-scale climate phenomena. Many of them indicate decadal-scale 
climate variability. 

The Ras Umm Sidd coral (5180 record from the northern Red Sea (Sinai, 
Egypt) [299] is correlated with instrumental observations of climate in the 
Middle East. The mean annual coral (5180 signal apparently reflects varying 
proportions of both sea surface temperature (SST) and (5180 seawater vari
ability which in turn are related to large-scale aspects of Middle East climate 
variability on interannual and longer timescales. In conjunction with instru
mental observations of climate the coral record suggests that colder periods 
are accompanied by more arid conditions in the northern Red Sea but in
creased rainfall in the southeastern Mediterranean, whereas warmer periods 
are accompanied by decreased rainfall in the latter and less arid conditions in 
the northern Red Sea. 

The coral time series extending back to 1750 is dominated by a '" 70-year 
oscillation. A comparable oscillation has been related to variations in the in
tensity of the thermohaline circulation in the North Atlantic [230]. Another 
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Fig. 6,1. Coral 0180 and Sr/Ca records in seasonal or higher resolution extending 
back beyond 1850 which are archived at the World Data Center for Paleoclimatology 
(http://www.ngdc.noaa.gov/paleo/corals.html) . Thick white lines represent 3-year 
running means. 

prominent mode in the coral time series has a period of 22-23 years. A similar 
oscillation has recently been identified as the most prominent mode in a tree
ring based reconstruction of the PD~ [78], which represents climate variabil
ity in the North Pacific region. Interannual to interdecadal variability in the 
coral time series is correlated with instrumental indices ofthe NAO (Fig. 6.3), 
ENSO, and North Pacific climate variability. Apparently these modes consis
tently contributed to Middle East climate variability since at least 1750, pref
erentially at a period of""' 5.7 years. These coral-based results suggest that 
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Fig. 6.2. Map showing locations of long high-resolution coral records as shown in 
Fig. 6.1 

atmospheric forcing by large-scale primarily Northern Hemisphere Pacific- and 
Atlantic-based climatic modes plays an important role in the northern Red 
Sea/Middle East region [299]. Recent results based on field correlations with 
sea level pressure suggest that the winter coral time series is linked to the 
AO phenomenon, the Northern Hemisphere's dominant mode of atmospheric 
variability [874], providing a potential physical mechanism for the correlation 
with North Pacific climate indices. The seasonal control of climatic modes on 
the Ras Umm Sidd coral 0180 record is investigated by Rimbu et al. (this 
volume) in more detail. 

The Secas Island coral 0180 record from the eastern Pacific Ocean (Pa
nama) [620] primarily reflects 0180 seawater variability which is controlled 
by changes in precipitation. The precipitation pattern in this part of Central 
America is related to seasonal and interannual variability in the latitudinal 
position of the Intertropical Convergence Zone. The coral time series extending 
back to 1707 is dominated by strong decadal variability. 

Coral 0180 records from the western equatorial Pacific primarily reflect 
0180 seawater variability mainly driven by changes in precipitation with mi
nor contributions from relatively small changes in SST. During EI Nino events 
increased precipitation associated with the eastward migration of the Indone
sian Low and advection of fresher and slightly warmer surface waters result
ing from the eastward expansion of the western Pacific warm and fresh pool 
combine to generate strong coral 0180 anomalies. Relatively cool and dry con
ditions during La Nina events produce coral 0180 anomalies of opposite sign. 
Therefore corals from this region are excellent recorders of ENSO variability 
[175], [1081]. 

The Maiana coral 0180 record from the western equatorial Pacific (Kiri
bati) [1081] is strongly correlated with instrumental indices of ENSO vari
ability (Fig. 6.4). This coral-based reconstruction of ENSO extending back 
to 1840 provides evidence that variability in the tropical Pacific is linked to 
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Fig. 6.3. The winter Ras Umm Sidd coral 018 0 record from the northern Red 
Sea [299] and the winter index of the North Atlantic Oscillation (NAO) [511] show 
common variability. A similar variability is indicated by the winter time series of 
Central England temperatures [801] suggesting that both Central England temper
atures and northern Red Sea coral 018 0 are influenced by the NAO. Coral 018 0 
and Central England temperatures are for January-February; the NAO index is for 
December-March. Thick lines represent 3-year running means. 

the region's mean climate. Cooler and drier background conditions during 
the mid to late 19th century when anthropogenic greenhouse forcing was ab
sent were accompanied by prominent decadal variability and weak interannual 
variability. During a gradual transition towards warmer and wetter conditions 
in the early 20th century variability with a period of '" 2.9 years intensified. 
Between 1920 and 1955 2-4 year variability was attenuated. With an abrupt 
shift towards warmer and wetter conditions in 1976 variability with a period 
of about 4 years becomes prominent. The results suggest that changes in the 
tropical Pacific mean climate and its variability have occurred during periods 
of natural as well as anthropogenic climate forcing. 

The Mahe coral (5180 record from the western equatorial Indian Ocean 
(Seychelles) [153] primarily reflects variations in SST. Interannual variability 
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Fig. 6.4. The Maiana coral 8180 record from the western equatorial Pacific and 
the Nino 3.4 sea surface temperature (SST) index, a commonly used measure of the 
state of the EI Niiio-Southern Oscillation, are strongly correlated [1081]. SSTs are 
from [520]. 

in the coral time series is correlated with Pacific climate records suggest
ing a consistent influence of ENSO on Indian Ocean SSTs for over a cen
tury. However, the coral time series extending back to 1846 is dominated 
by strong decadal variability which was suggested to be characteristic of the 
Asian monsoon system, implying important interactions between tropical and 
mid-latitude climate variability. This has been questioned recently by pre
senting evidence for a tropical Pacific forcing of decadal SST variability in 
the western equatorial Indian Ocean inferred from an annual-resolution coral 
8180 record from Malindi (Kenya) [174]. 

The Rarotonga coral Sr/Ca record from the central subtropical South Pa
cific (Cook Islands) [622] provides an excellent proxy for SST variability. The 
coral time series extending back to 1726 is dominated by decadal variability. 
Several of the largest-scale SST variations at Rarotonga a coherent with SST 
regime shifts in the North Pacific, as indicated by the index of the PDO over 
the past 100 years. Because of this hemispheric symmetry it was suggested 
that tropical forcing may play an important role in at least some of the decadal 
variability which is observed in the Pacific Ocean. 

The Amedee Lighthouse coral 8180 record from the western South Pa
cific [848] is correlated with variations in SST. The coral time series extending 
back to 1657 shows prominent decadal fluctuations, especially in the early 18th 
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and early 19th century. Interannual-scale cooling events in the coral record 
coincide within 1 year with known volcanic eruptions [204], e.g., 1808 (un
known source), 1813-1821 (several eruptions including Tambora 1815), 1835 
(Coseguina), 1883 (Krakatau), and 1963 (Agung). 

The Houtman Abrolhos Islands coral 8180 record from the eastern sub
tropical Indian Ocean (Australia) [563] is correlated to local SST variability. 
The location is influenced by the Leeuwin Current which is coupled to the 
Indonesian throughflow. The coral time series extending back to 1795 shows 
prominent pentadal and decadal variability. 

The longest coral-based ~14C time series available is a 323-year record 
from the Great Barrier Reef which has a biannual resolution [257]. More re
cent studies on Pacific corals provide seasonal to higher resolution records 
which give information on the seasonal to interannual variability in the sur
face circulation and thermocline structure in the Pacific basin (Fig. 6.5). 

The Galapagos coral ~ 14C record from the eastern equatorial Pacific 
(Ecuador) [407] documents the seasonal upwelling of low ~14C subsurface 
waters. The interannual variability of the coral time series is dominated by 
ENSO. During EI Nino events the depth of the thermocline increases and the 
upwelling of low ~14C water is reduced. The coral record shows that ~14C 
values during the upwelling season increased abruptly after the EI Nino event 
of 1976. This suggests a reduction in the contribution of deeper, lower ~14C 
water to the upwelling since 1976, and together with a simultaneously occur
ring shift in upwelling season SSTs was interpreted as a shift in the vertical 
thermal structure of the eastern tropical Pacific towards a deepened thermo
cline. 

The Nauru coral ~14C record [410] documents the interannual redistri
bution of surface waters in the western equatorial Pacific which is the result 
of mixing between waters of subtropical origin (higher ~ 14C) and water up
welled in the eastern equatorial Pacific (lower ~ 14C) then advected zonally 
by equatorial currents. The interannual variability in the coral time series 
is dominated by ENSO. During EI Nino events coral ~14C values increase, 
reflecting the reduction of low ~ 14C water upwelling in the eastern Pacific 
and the invasion of high ~ 14C subtropical water into the western equatorial 
Pacific. 

6.4.2 Holocene 

Most modern corals are usually not growing for more than 100 to 350 years, 
but fossil corals provide an opportunity to reconstruct climate variability dur
ing time-windows throughout the Holocene. Well-preserved fossil corals can 
provide records of climate variability comparable in resolution and quality to 
those derived from modern corals. However, the longest Holocene time series 
available from a fossil coral is a 47-year record from Tasmaloum (Vanuatu) in 
the western South Pacific [191]. Most records based on fossil Holocene corals 
only cover periods of 5 to 20 years. This is due to the fact that finding a fossil 
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Fig. 6.5. Coral based il14C records from different locations in the Pacific Ocean. 
Rarotonga, subtropical South Pacific [409]; Nauru, western equatorial Pacific [410]; 
Galapagos, eastern equatorial Pacific [407]. The long-term trend in the coral il14C 
records reflects the uptake of bomb 14C in the ocean. Interannual variability in the 
equatorial records reflects changes in upwelling and surface circulation which in turn 
are related to the EI Nino-Southern Oscillation (ENSO) phenomenon. The Nino 3.4 
sea surface temperature index, a commonly used measure of the state of ENSO, is 
also shown. SSTs are from [520]. 

coral that provides a century-long record is even more difficult than finding a 
comparable modern coral in the living reefs. Fossil corals are collected from 
uplifted or submerged reefs mostly by drilling. The chance to recover a long 
record along the major growth axis of a coral by drilling into a fossil reef 
is rather small. Direct collection of individual fossil colonies might provide a 
better solution but is also a matter of luck. 

The Eilat coral 8180 records from the northern Red Sea (Israel) show 
a higher seasonal amplitude for time-windows during the Mid-Holocene com
pared to modern corals [738). The records of up to 18 years length were derived 
from corals which grew around 6000 to 4500 14C years before present (BP). 
The results suggest a higher seasonal cycle in SSTs and/or changes in the 
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seasonal cycle of precipitation and/or evaporation during the mid-Holocene 
compared to now (Fig. 6.6). 
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Fig. 6.6. Eilat coral /)18 0 records from the northern Red Sea [738]. Compared to 
modern corals the seasonal amplitude in corals which grew during the mid-Holocene 
is higher. This suggests a higher seasonal cycle in sea surface temperatures and/or 
changes in the precipitation and evaporation regime in this part of the Middle East 
compared to today. 

Coral Sr/Ca records from the southwest tropical Pacific provide informa
tion on the temperature variability during time-windows of up to 6 years 
during the early- to mid-Holocene [57]. The corals grew around 10,300 to 
4,200 calendar years BP and the Sr / Ca signal suggests that SSTs during the 
early Holocene in this part of the tropics ("" 16°S) were about 6.5°C cooler 
than today, but increased abruptly during the following 1500 years. However, 
this result needs verification. 

A coral from Tasmaloum (Vanuatu) which grew around 4150 calendar 
years BP provides a 47-year record of SST variability based on coral Sr/Ca 
and U /Ca [191]. Composite coral Sr/Ca and U /Ca derived temperatures sug
gest that SSTs in the southwest tropical Pacific during the mid-Holocene were 
comparable to modern SSTs with respect to the mean as well as typical ENSO 
variability. However, the variability in the seasonal amplitude as well as inter
annual SST variability during the mid-Holocene were considerably stronger 
than today. The coral time series shows several prominent interannual cooling 
events occurring at decadal-scale intervals as well as a decadal-scale modula
tion of the seasonal cycle (Fig. 6.7). The results could be interpreted in a way 
that phase shifts in the ENSO mode similar to today also occurred during the 
mid-Holocene but probably with stronger exchanges between the tropics and 
the extratropics. 

Combined 8180 and Sr/Ca records derived from Great Barrier Reef corals 
(Australia) provide important information on the temperature and surface
ocean hydrologic balance during the mid-Holocene [352]. Coral Sr/Ca ratios 
indicate that the tropical western Pacific was 1°C warmer "" 5350 calendar 
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Fig. 6.7. The Tasmaloum composite sea surface temperature record derived from 
SrjCa and UjCa analysis of a fossil coral from the southwest tropical Pacific [191]. 
Compared to today (not shown) the time series suggests a stronger SST variability 
with respect to seasonal amplitude and interannual variability as well as several 
prominent interannual cooling events during the mid-Holocene. 

years BP ago. The residual coral 8180 signal as derived from the difference 
between the Sr/Ca and 8180 records indicates that the 8180 of the surface 
water was 0.5%0 higher relative to modern seawater. The results suggest that 
the higher temperatures increased the evaporation resulting in higher 8180 
seawater. This 8180 seawater anomaly may have been sustained by transport 
of part of the additional water vapor to extratropical latitudes. 

6.4.3 Pleistocene 

Because the growth of reef-building corals is restricted to the surface ocean 
the dating of fossil corals from uplifted or submerged Pleistocene reefs can 
provide a record of sea-level fluctuations [41]. Well-preserved fossil corals can 
provide records of climate variability during time-windows of the Pleistocene 
comparable in resolution and quality to those derived from modern corals. 
Next to the difficulties in finding a long-lived fossil colony, corals from uplifted 
Pleistocene reef terraces are often affected by diagenesis making them not 
suitable for paleoclimatic reconstructions based on stable isotopes or trace 
elements. 

Coral 8180 and Sr/Ca records derived from cores recovered from the sub
merged Barbados offshore reefs indicate that SSTs in the western equatorial 
Atlantic were 5°C colder than present values during the Last Glacial Maxi
mum (LGM) 18,000 to 19,000 years ago [406], a finding in conflict with the 
CLIMAP reconstructions [171], [170]. 

Coral 8180 and Sr/Ca records derived from a fossil colony collected on 
an uplifted reef terrace on Bunaken Island, North Sulawesi (Indonesia), re
flect interannual variability in precipitation and SST in the western equato
rial Pacific during the last interglacial period 124,000 years ago [476]. The 
65-year long coral time series reveals ENSO variability similar to the modern 
instrumental record. This indicates that ENSO was robust during the last 
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interglacial, a time when global climate was slightly warmer than Holocene. 
However, changes in ENSO magnitude and frequency after 1976 appear dif
ferent with respect to the earlier instrumental and last interglacial records. 
The results were interpreted to support the hypothesis that ENSO behavior 
in recent decades is anomalous with respect to natural variability. 

A fossil coral from the uplifted reef terraces of the Huon Peninsula (Papua 
New Guinea) provides a record of SST from the western equatorial Pacific 
during the penultimate deglaciation around 130,000 years ago when sea level 
was 60 to 80m lower than today [707]. Coral 0180 and SrjCa values indicate 
that SSTs were 6°C colder during the penultimate deglaciation than either 
last interglacial or present-day temperatures in this region of the tropics. 
The results again raise the question whether the tropics underwent significant 
cooling during glacial periods. 

6.5 Deep-sea Corals 

In analogy to warm-water corals, solitary corals from the deep sea can provide 
records of past climate and ocean variability. These non-reef-building (aher
matypic), non-photosynthetic corals usually live at depths of 500 to 2000m. 
They are usually collected from the ocean floor by dredging. Therefore deep
sea corals provide one of the rare proxies to document past changes in inter
mediate and upper deep water masses which in turn can be related to changes 
in the surface ocean and the atmosphere [985], [4], [684]. 

Coupled 14C and 230Thj234U dates from deep-sea corals can provide in
formation about deep-water ventilation rates. Subtracting the 230ThF34U_age 
(which represents the true age) from the 14C_age (which represents the coral's 
age plus the age of the deep water) gives the age of the deep water at the 
time of coral skeleton precipitation. This age represents the time since the 
deep water had last contact to the air at the ocean surface, i.e., the deep
water ventilation age [684]. Multiple 14C dates throughout the life span of a 
deep-sea coral can provide information about variations in the deep-water ven
tilation rate [4]. This method revealed that the ventilation rate of the North 
Atlantic upper deep water varied greatly during the last deglaciation and pro
vided evidence that the deep ocean changed on decadal-centennial time scales 
during rapid changes in the surface ocean and the atmosphere 15,400 years 
ago [4]. Another method suggests that paleotemperatures can be estimated 
from the stable isotopic composition of deep-sea corals [985]. 

6.6 Open problems 

6.6.1 Oxygen Isotope Signals 

Coral skeletons are depleted in 180 and 13C with respect to isotopic equilib
rium with the ambient seawater, i.e., compared to inorganically precipitated 
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aragonite. This isotopic disequilibrium or vital effect is most likely biologically 
mediated and attributed to so-called 'kinetic' isotope effects which apparently 
result from discrimination against the heavy isotopes of oxygen and carbon 
during the hydration and hydroxylation of CO2 [705]. The isotopic disequilib
rium is usually assumed to be constant over time along the major growth axis 
of an individual coral colony, where growth and calcification rates are at their 
maximum [705], [408], [621]. Samples for stable isotope analysis are therefore 
taken along the major axis of coral growth following single fans of corallites. 
However, it has been speculated that at least some ofthe low-frequency vari
ability observed in individual coral 8180 records may originate not directly 
from climatic influences but from variations in the mean disequilibrium offset 
through time as a result of complex biological or ecological processes [289]. 

The mean isotopic disequilibrium offset from seawater can vary signifi
cantly for individual corals living in the same environment [408], [621], even 
within the same species of Porites [621]. Apparently it cannot solely be at
tributed to inter colony differences in average growth rates. The reported dif
ferences of 0.2 to 0.4%0 for coral 8180 equal I-2°C in terms of temperature 
interpretation. Therefore, caution is required when quantifications about mean 
climatic conditions are being made by comparing 8180 records from individ
ual corals which grew at different locations or during different periods of time. 
Coral 8180 provides an excellent proxy for variability but should not be con
sidered as an absolute proxy for SST or 8180 of seawater. 

Differences between seasonal and mean annual SST-coral 8180 calibrations 
have been reported implying a larger interannual to decadal coral-derived SST 
variability than indicated by the instrumental SSTs. Changes in sea surface 
salinity on these times cales have been suggested as one possible explanation 
[848], [299]. However, long salinity time series to test this assumption are 
usually rare. A recent study using 40 years of salinity observations from the 
Fiji area showed that on the seasonal timescale coral 8180 in this region is 
driven by changes in SST whereas on the interannual timescale it is almost 
exclusively affected by sea surface salinity variations [604]. 

6.6.2 Sr/Ca Signals 

In analogy to stable isotopes, SrjCa ratios in coral skeletons show a vital 
effect that produces disequilibrium with the ambient seawater compared to 
inorganically precipitated aragonite. Similar to kinetic effects on coral stable 
isotopes this vital effect was shown to be partly biologically controlled, e.g., 
responding to growth rate variations [241]. However, as for stable isotopes, it 
was shown that the effects of growth and calcification rates on coral SrjCa 
can be neglected when sampling follows a major growth axis along single fans 
of corallites [8]. 

Apparently the coral SrjCa-temperature calibrations do not vary signifi
cantly for individual corals living in the same environment, not even between 
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different species of Porites and colonies with different growth and calcifica
tion rates, provided sampling follows optimal growth regions [8k This could 
imply an advantage in using Sr/Ca compared to using coral &1 0 to recon
struct changes in absolute mean temperatures at a given location but has to 
be verified for corals at other locations. 

There are notable differences in the temperature calibrations between stud
ies from different sites which remain to be solved. The difference in the offsets 
between the regression lines (not the slopes!) from these studies can lead to 
differences of up to 3.5°C in absolute temperature estimates [351]. The differ
ence in the Sr/Ca ratio of the seawater as measured at modern oligotrophic 
reef sites in the Pacific and Atlantic can represent an uncertainty of 1.2° C 
in the Sr/Ca thermometer [241], and seawater Sr/Ca variations over the an
nual cycle can correspond to temperature variations of 0.7° C. Seawater Sr / Ca 
changes during glacial conditions were suggested to result in potential errors 
of up to 1.5°C [1013]. All this is critical to the applicability of coral Sr/Ca 
ratios as an absolute proxy of past SST variations. 

6.7 Future Directions 

More multicentury coral records in seasonal or higher resolution from tropical 
and subtropical locations are necessary to provide a more complete picture on 
the global patterns of decadal- and longer-scale climate variability during the 
past centuries. Such proxy records are the only marine archive to understand 
climate variations on these timescales. Apparently a bimonthly sampling res
olution for corals seems to be a good compromise with respect to significant 
detection of interannual and decadal variability as well as laboratory expen
diture (e.g., [299], [1081]). Applying the double tracer technique of coupled 
&180 and Sr/Ca determinations which until now has been only used for short 
periods to such bimonthly-resolution coral records will provide insights into 
the variability of temperature and hydrologic balance at key locations of the 
global climate system during the past centuries. Similar to other fields of 
paleoclimatology a multi-proxy approach is recommended for coral research. 
The combination of different proxies will reduce analytical errors and improve 
paleo estimates for environmental parameters. 

A promising trend is the reconstruction of SST fields based on multicen
tury coral records. Work on the reconstruction of the SST field in the Pacific 
basin by using available coral &18 0 data sets has already started [290]. In 
this first approach only the leading modes of large-scale variability which are 
both evident in instrumental climate data and coral &180 records are being 
reconstructed. 

Another promising trend is the generation of decades- to century-long 
records from fossil corals collected from uplifted or submerged reefs. Such 
records will provide information on climate variability during the last inter
glacial, the last glaciation, the last deglaciation, and the Holocene comparable 
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in resolution and quality to those derived from modern corals. This will en
able the assessment of natural climate variability during periods with bound
ary conditions different from today. Fossil corals from the Pacific basin will 
provide new insights into the ENSO phenomenon (e.g., [476]). Fossil corals 
from the northern Red Sea where modern corals were shown to be related 
to prominent modes of Northern Hemisphere climate variability [299], [874] 
will provide information on the existence of North Pacific- or North Atlantic
based atmospheric teleconnections on Middle East climate variability, e.g., the 
NAO/ AO, during these periods of time. It is an intriguing question whether 
the NAO / AO was active during the entire Holocene or during the last in
terglacial. Seasonal resolution coral records from the northern Red Sea could 
provide some answers. 

Future coral studies should proceed along the frontiers of coral reef distri
bution. These areas seem to be quite sensitive to environmental change, since 
different limiting factors affect coral growth. Ocean areas that have not been 
extensively covered include the tropical eastern and western Atlantic. Coral 
reefs develop along the western boundary of the Atlantic from the Caribbean 
down to about 200 S on the Abrolhos platform, Brazil. The reef distribution 
along the eastern Atlantic is rather limited but reaches up to the Cape Verde 
Islands. Tropical coral records from both sides of the Atlantic basin are poten
tial sources to reconstruct the history of tropical Atlantic climate variability 
[149]. Future research should also exploit the potential of corals from rare 
subtropical/mid-latitude locations (e.g., Bermuda, northern Red Sea, Japan) 
to better understand past mid-latitude climate variability. In addition, further 
coral research in the Indian Ocean will help to detect modes of ocean climate 
variability on the decadal scale. Recently, a dipole mode linking the eastern 
and western tropical Indian ocean has been suggested [913], [1141]. Current 
research in deep-sea coral reefs will provide informations about the poten
tial of non-zooxanthellate corals in climate research [338], especially along the 
European margin of the North Atlantic. 
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Annually Laminated Lake Sediments and Their 
Palaeoclimatic Relevance 

Achim Brauer 

Summary. This review aims to give an overview on annually laminated (varved) 
lake sediments and provides a guideline of their use as palaeoclimatic proxy data 
archives. A brief survey of about one hundred years of varve research demonstrates 
the long history of dating and palaeoenvironmental reconstruction based on varved 
lake sediments. Considering methodologies, this review confines to some main prin
ciples and fundamental requirements for varve studies. The factors favouring varve 
deposition and preservation in lacustrine systems and consequences for the occur
rence of long varved profiles are thoroughly discussed. The concept of varve micro
facies describes the main varve types and their relation to climatic regimes and 
environmental conditions. The palaeoclimatic relevance of varved lake sediments is 
reflected in a large variety of different proxy data. These are discussed under a more 
general aspect including the pathways of climatic signals into the sediment with spe
cial emphasis on the interpretation of varve thickness. Two case studies demonstrate 
the value of varve micro-facies analyses for obtaining a complex picture of changes 
in seasonality of past climates. 

7.1 Introduction 

The climate system is far from being understood and future scenarios neces
sitate a better understanding of its past behaviour including periodic oscilla
tions and abrupt events . .Instrumental data and information from historical 
archives are available only for the last centuries leaving most even of the 
present interglacial (Holocene) without any written documents on climate. 
Therefore, natural archives of past climates are exploited. Although as dif
ficult to read as Hittite hieroglyphs, the specific palaeoclimatic information 
(proxy data) in these archives aids unravelling the mechanisms and driving 
forces of the Earth's climate. In particular, a focus is on annual or even sea
sonal archives because of their high time resolution. Amongst few others, an
nually laminated (varved) lake sediments are such archives. This review aims 
to provide some guidelines for the use of varves as a tool for reconstructing 
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past climate variability in order to help 'non-varvologists' to better assess the 
utility of varve-based proxy data. 

Annual laminations are preserved in lakes in different environmental set
tings at a wide spatial distribution and for many time windows. Although 
most varve records are reported from the Holocene they also occurred during 
glacial periods (e.g., [108], [1195]) and previous interglacials (e.g., [740], [737]). 
Moreover, varves have been described from much older geological epochs like, 
for example, from the Jurassic [23] and the Permian (e.g., [1040]). 

7.2 Historical Background 

The formation of rhythmically laminated silt-clay deposits in glacio-lacustrine 
environments was related to an annual sedimentation pattern for the first time 
by De Geer [225] who introduced the (swedish) term 'varvig lera' for this type 
of sediments. These classic glacio-lacustrine varves provided the first chrono
logical framework for the ice retreat in Sweden through annual layer counting. 
Annual laminations from non-glacial lake sediments first were documented by 
Nipkow [767] from Ziirichsee. Today, the term 'varve' is used for all kinds 
of laminations that are stratified in a seasonal pattern. First attempts to re
construct past climate variability from varved lake sediments are reported 
from Perfiliev [813] and Shostakovitch [968] who used varve thickness varia
tions from annually laminated lake sediments for reconstructing precipitation 
changes and suggested solar variability as a cause for periodic changes in varve 
thickness. A renaissance of varved lake sediment studies was initiated by the 
interest in tracing lake eutrophication and acidification (e.g., [974],[975]). At 
about the same time, detailed microscopic studies of varved sediments be
came possible through the development of new preparation techniques for 
soft organic lake sediments (e.g., [369], [718]). In the following, deep volcanic 
crater (maar) lakes were found to be ideal repositories for annually laminated 
lake sediments and became a major focus of varve research [495], [755], [756]. 
Today, varved lake sediments are an important palaeoclimatic archives due 
to both their potential as chronological tool and high-resolution proxy data 
records. 

7.3 Methods 

In varve research a large variety of different techniques are applied including 
lake coring, sub-sample preparation, optical, physical, chemical and palaeon
tological sample analyses as well as statistical data analyses (Fig. 7.1). Some 
of these methods are described in previous publications (e.g., [866], [912], 
[164], [579], [646], [648]). It is beyond the scope of this paper to present these 
methodologies in detail, but some fundamental principles have to be briefly 
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Fig. 7.1. From coring (A, B) to proxy data (E, F): The principle of overlapping 
cores (B) and sub-sampling (e, D) is a fundamental prerequisite for obtaining 
continuous series of annual data from large-sized thin sections (E) as well as decadal 
data (F, here pollen data from [635] as an example). 

discussed in order to better understand the nature of the data and to assess 
possible pit falls in interpretation. 

In particular, for microstratigraphical (optical) sediment analyses, precise 
coring and sample preparation is required in order to obtain undisturbed and 
complete sediment sequences from the deepest part of a lake. Therefore, non
rotating piston coring devices as, for example, the Usinger or Kullenberg corer 
[758) in combination with freeze cores (e.g., [647)) for the non-consolidated 
topmost sediments are applied. After coring, continuous 'composite profiles' 
are constructed from three to five overlapping cores based on macroscopic 
and microscopic correlation of marker layers (Fig. 7.1). Further sub-sampling 
depends on the type of analyses. In general, two different sets of samples are 
provided: 

1. Continuous series of thin sections covering the entire sediment sequence 
for microstratigraphical analyses. 

2. Discrete samples of variable thickness (5-10 mm) for multiproxy analyses 
including sedimentological, geochemical, and palaeontological parameters. 

Ideally, the latter samples should be taken continuously as well. Sampling year 
by year is only possible if individual varves are of sufficient thickness (about 
1 mm), otherwise these 'bulk' data integrate several years. Both sample sets, 
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for microstratigraphical and multiproxy analyses, have to be taken parallel 
so that each bulk sample can be assigned to its corresponding thin section 
to enable the determination of time represented in the sample as required for 
annual flux rate calculations. In addition, the interpretation of physical and 
geochemical results is supported by complementary optical information. 

Since microstratigraphical analyses of long series of thin sections are time 
consuming and require sophisticated preparation methods, additional digital 
techniques using grey scales have been developed (e.g., [1065]) which require a 
sufficient colour contrast between winter and summer layers. Furthermore, in
terpretation of grey scale data is not always straightforward because color 
changes can have various sedimentological causes. Therefore, digital tech
niques are considered as useful complementary methods, which, however, can
not replace microscopic examination. 

7.4 Varve Dating 

The value of annually laminated sediments for constructing independent time 
scales has been widely accepted. One advantage of varve chronologies, as 
of incremental chronologies in general, is that ages for each section of the 
sediment profile are provided unlike with physical dating methods based 
on measurements of discrete samples and interpolations for the sections in
between. Further details of varve chronologies cannot be discussed here but 
their importance for establishing tele-connections between different archives 
is emphasized. Based on isochronous marker layers like, for example, vol
canic ash layers the time scales of lake and marine sediments can be precisely 
matched [719], [1169] in order to compare palaeoclimatic signals in both the 
terrestrial and oceanic realms. In the same way, correlations with ice cores 
are possible if ash particles can be found for geochemical and mineralogical 
comparison. In principle, also acidity peaks in ice cores caused by sulphuric 
acid deposition after volcanic eruptions might be used to establish such tele
connections but for periods with a high frequency of acidity peaks correla
tion even of major eruptions are ambiguous [110]. Besides tephra layers other 
marker horizons like, for example, changes in vegetation can be used for re
gional correlations [720], [113]. 

7.5 Varve Formation and Preservation 

Laminations are commonly found in lacustrine sediments but not all of them 
are varves [578], which, by definition, are annual in nature. The conditions for 
formation and preservation of varves are complex and include a large number 
of various factors that will be discussed in the following. 

Natural factors 
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Seasonal forcing has a strong effect on the growth of life forms, on physical and 
chemical processes that occur within and around the lake and on the resulting 
sediment yield. As a result, seasonally generated or transported materials of 
both autochthonous and allochthonous origin are deposited as discrete sub
laminae [22]. In case of very low or even absent deposition in one or more 
seasons no discernable couplets are formed. This might be the case, for exam
ple, in oligotrophic lakes with low biological productivity. After deposition of 
varves their preservation can be hindered by several processes as: 

- re-suspension through wind-driven water circulation 
- bubbling of gas (mainly CH4 and CO2 ) from either decay of organic com-

ponents or volcanic origin 
- burrowing activities of benthic organisms (bioturbation). 

Varve preservation is favoured in lakes with anoxic bottom water conditions. 
Such lakes are often deep and located in sheltered morphological position with 
little wind influences as, for example, volcanic crater (maar) lakes [759]. There 
is, however, no general rule for the occurrence of varves since other factors 
like catchment geology and sediment composition play an important role as 
well. 

Human impact 

During the last centuries to millennia human interferences to lake environ
ments effected sedimentation and thus varve formation and preservation. Nat
urally, these effects are strongest in early and densely populated areas. The 
strongest disturbances result from forest clearance and subsequent erosive 
sediment transport. Locally, the consequence of human activity might be a 
complete disappearance of varves like in the records from Lake Meerfelder 
Maar at about 2,000 varve years BP [111]. On the contrary, man-made lake 
eutrophication might even generate favourable conditions for varve formation 
in the last decades (e.g., [645], [6]). 

Changing conditions through time 

Varve formation and preservation is not constant through time due to chang
ing climate and limnology (e.g., humidity, wind activity, lake productivity, 
water chemistry). Depending on local morphometric conditions these changes 
might lead to interruptions within varved sequences. One example is varve 
cessation in many lake records during the Younger Dryas cold reversal. In 
addition to the influence of climate, local conditions play an important role 
so that in lake profiles from the same region interruptions of varves can occur 
at different stratigraphic positions [113]. In such cases, several lake records 
can be matched together to generate one continuous regional varve chronol
ogy [720]. For such 'floating' time series it is important to precisely determine 
their stratigraphic position and the time window represented. 
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Fig. 7.2. Example for a network of varved lake sediment records in Europe. Sites 
investigated within the ELDP (European Lake Drilling Programme) and KIHZ 
projects. 

Number of varved records 

For a long time varved deposits have been regarded as rare formations. In 
Europe, most varved sediment profiles have been discovered north of the Alps 
while in the South they are less abundant (Fig. 7.2) . Mostly, varves have been 
found more or less by chance and only recently a first systematic survey has 
been carried out based on data from basin and catchment morphometry and 
geology [777] . Using this concept, 48 lakes with annually laminated sediments 
including 13 continuously varved sediment profiles have been recovered from 
a pre-selection of 180 lakes. In general, the progressive increase of varved lake 
records with the growing number of lake corings suggests a high probability 
of many still not discovered varved sediments. 

The longest varved archives 

There are only few varved records reported so far which more or less con
tinuously cover long periods including glacial/interglacial transitions. The 
longest ones are from Lake Suigetsu, Japan, for the last 45,000 years [541] 
and from Lake Holzmaar, Germany, for the last 23,000 years [112], [1192]. 
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Minor gaps of a few hundred varves in such long sequences can be traced 
and bridged by regional correlation as demonstrated for Lakes Holzmaar and 
Meerfelder Maar [114]. The longest partly varved sequence so far is from Lago 
Grande di Monticchio, Italy, reaching back to ca. 100,000 years BP [10], [115] 
as determined by a varve-based sedimentation rate chronology [1195] and 
tephrochronology [1169]. 

7.6 The Concept of Varve Micro-facies 

In sedimentology, facies is defined as the sum of lithological and palaeon
tological characteristics exhibited by a sedimentary deposit in a particular 
place. Commonly, facies analyses aim to describe sedimentary rocks in terms 
of their depositional environments. Facies studies are a valuable tool to de
cipher processes of formation and, consequently, to reconstruct environment 
and climatic conditions during times of deposition. A typical example for a 
facies type would be laminated lacustrine sediments. Looking at more detail, 
however, reveals a wide variety of different types of lamination comprising 
both non-annual layers as, for example, generated by turbidity currents, and 
true annual couplets. Amongst annual laminations again many differences in 
laminae structure and composition can be observed, often only through mi
croscopical techniques. This 'micro-world' of varves contains key information 
in particular on small-scale and climate-triggered variations in lacustrine de
positional environments. Therefore, the concept of facies studies is applied in 
varve research at smaller scale (micro-facies studies) in order to distinguish 
changes in seasonal deposition caused by climatic changes (Fig. 7.3). 

Even a precise determination of the duration of major climate changes is 
possible through counting varves of transitional periods between two different 
micro-facies types (Fig. 7.4). 

In general, three main varve facies types (clastic, biogenic, evaporitic) can 
be distinguished (Figs. 7.5-7.7). Knowledge of facies types provides informa
tion about the kind of proxy data that can be derived from the sediments. 

Varve facies is closely linked to climatic and environmental conditions and 
thus is variable within space and time. The deposition of clastic varves, for 
example, today is restricted to high alpine or arctic environments. During the 
last glaciation, with significantly enlarged periglacial regions, clastic varves 
were deposited in lakes where under present climate conditions typically bio
genic diatomaceous varve form as, for example, in the Eifel maar lakes. 

7.6.1 Clastic Varves 

Clastic varves are purely composed of detrital mineral grains with total or
ganic carbon contents < 0.5% and are generated by physical processes. They 
typically occur in arctic or high-alpine lakes. The annual cycle is characterized 
by freeze-thaw conditions and prominent melt water fluxes in spring. Varves 
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Fig. 7.3. Varve micro-facies variations from Lake Meerfelder Maar in the period 
from 12,880 to 11,000 varve years BP (Lateglacial/Holocene transition) and their 
reflection in varve thickness data (from [110], [109]) 

are composed of silt (fine sand)/clay layer couplets. After sediment influx in 
the melt water season, larger particles immediately began to settle down (silty 
summer layer) while fine clay particles « 2fl) are not deposited before the fol
lowing freezing period (winter clay layer). Isolated patches of ice-transported 
rock debris can be deposited during times of ice break-up directly on win
ter clay layers (drop stones). Varve thickness is determined by the amount 
of melt water as transport medium and thus related to temperatures during 
the melting season. More generally, glacio-lacustrine varves from proglacial 
lakes with direct contact to a glacier are thicker (centimeter to decimeter) 
than periglacial varves (Fig. 7.5d, [108]) which form in lakes in periglacial 
environments without glacier discharge (sub-millimeter to millimeter scale) . 
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Fig. 7.4. Image of a sediment section from Lake Meerfelder Maar demonstrating 
varve facies and thickness changes at the Aller¢d-Younger Dryas transition (12 ,680 
varve years BP). 

7.6.2 Biogenic Varves 

Biogenic varves are common in temperate climate zones and biological pro
cesses playa dominant role in their formation. In addition to the dominating 
organic fraction, biogenic varves may also contain a smaller portion of minero
genic particles. There is a large variety of biogenic varves that can be classified 
in three main sub-groups. 

Diatomaceous type 

This varve facies is common for eutrophic soft-water lakes where sufficient 
nutrients are available for different groups of algae to grow from spring to 
autumn seasons. Some of these groups like Bacillariophyceae (diatoms) and 
Chrysophyceae produce skeletons and stomatocysts of amorphous silica. Af
ter the organisms have died, these silicatic remains settle down and are de
posited as discrete layers so that seasonal blooms of planktonic diatom species 
lead to a succession of two or more sub-layers during the growing season 
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Fig. 7.5. Microscopic thin section images from different varve facies: (a) biochemical 
calcite varves from the Pianico Interglacial composed of thick light summer layers of 
bio chemically precipitated calcite and thin autumn/winter layers of organic detritus 
and detrital mineral grains (white spots), (b) Early Holocene diatomaceous varves 
from Lake Meerfelder Maar composed of light layers of diatom frustules representing 
early spring to autumn and dark winter sub-layers of clay and organic detritus, (c) 
Younger Dryas varves from Lake Meerfelder Maar composed of a sPfing snow melt 
layer of silty minerogenic detritus (light spots) and a thick dark sub layer of mainly 
clay including few diatom frustules and organic matter, (d) Periglacial varves of 
Last Glacial Maximum age from Lake Holzmaar. 

([140]; Fig. 7.6). Deposition of crysophycean cysts has been either described 
from early spring (Fig. 7.6) or from autumn layers [48], [810]. At the end of the 
growing season reworked epiphytic diatoms and plant debris from the littoral 
zone are deposited and endogenic minerals like vivianite and iron sulphides 
crystallize. The winter layer consists mainly of clay minerals from detrital in
flux. Layers of silt-sized detrital minerogenic material might be intercalated 
within all seasonal laminae and indicate events of heavy rainfall and erosion 
in the catchment. 

Calcite type 
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Fig. 7.6. Micro-facies of varves from the Boreal-Atlantic biozone with seasonal sub
layers deposited during spring (D, E), summer (C), and autumn (B). (A): schematic 
presentation of the annual succession of seasonal sub-layers; (B): Cyc10tella radiosa; 
(C) : Nitzschia sp.; (D) : Stephanodiscus sp.; (E): Crysophycean cysts (from [140]). 

Calcite varves are common in lake basins situated in carbonaceous bedrock 
like many Alpine lakes. They appear as couplets of light and dark sub-layers 
with a distinct color contrast. Light sub-layers form in spring/summer through 



120 Achim Brauer 

Fig. 7.7. Seasonal sub layering of a typical evaporitic varve from the Dead Sea 
(from [443]). Light summer layers are formed by regular aragonite precipitates (a) 
and occasional gypsum layers (b). Dark winter layers are composed of clastic detri
tus (c). 

biologically induced precipitation of calcite crystals « 5-40 Ilm) in the epil
imnic zone of the lake [527], [644]. During algal blooms CO2 is consumed for 
respiration and withdrawn from lake water so that the CO2 /H2C03 - ratio 
decreases until the solubility product for calcite is reached. In that way, calcite 
sub-layers can be precipitated within hours and days. Grading of crystal sizes 
from large to fine indicates a changing degree of saturation. The dark winter 
layer is composed of mixed organic and minerogenic debris. 

Iron-rich type 
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Iron-rich varves are a complex varve type occurring in soft water lakes in bo
real climates [867]. Annual layering is induced by changes in redox conditions, 
which in turn determine the chemical nature of Fe-ions present at the sed
iment/water interface. During stagnation periods in summer and/or winter 
oxygen becomes depleted due to bacterial decomposition of organic matter so 
that the redox potential declines. Under these conditions, Fe2+ ions are en
riched and react with sulphide ions to form black iron sulphides. In periods of 
water overturn (spring and autumn) Fe2+ becomes oxidized and precipitates 
in form of light, reddish-brown layers of ferric hydroxides. Due to variations 
in the length of stagnation periods and intensity of overturns a complex type 
of seasonal layering with strong inter-annual variations is developed. Another 
type of iron-rich varves are characterized by seasonal sub-layers of siderite 
(FeC03 ; e.g., [28]). 

7.6.3 Evaporitic Varves 

The formation of evaporitic varves is related to arid climates and controlled by 
physical and chemical processes. Summer sub-layers consist of carbonate and 
sulphate due to high evaporation rates with increasing ion concentrations in 
the lake water. In case of varves from the Dead Sea (Fig. 7.7; [443]) aragonite 
and gypsum dominate. Winter precipitation causes floods transport minero
genic detritus into the lake where it is deposited as distinct layers of mixed 
sand, silt and clay. 

7.7 Palaeoclimatic Relevance 

Evaluating the climatic information available from lake varve data necessitates 
a brief overview on possible pathways of climatic 'input' signals into the sedi
ment (Fig. 7.8). Temperature, precipitation and wind in combination control 
lake ecosystems in two ways: first, directly through, for example, water tem
perature and stratification which in turn determine biological productivity and 
redox conditions in deep water. Second, indirectly through the catchment en
vironment. Vegetation cover, weathering and soil formation determine rates of 
erosion and thus influx of terrigenic material including nutrients into the lake. 
In consequence of these interactions of land and aquatic ecosystems, varve 
facies represents an integrating proxy of environment and climatic conditions. 
In addition, specific remains of aquatic or terrestrial organisms like pollen, di
atoms and chironomids or geochemical attributes (e.g., stable isotopes) enable 
reconstruction of single climate parameters (see following section), provided 
that the pathways of these components into the sediments are well described. 

Since local basin morphometry and bedrock geology play an important 
role for lake sedimentation not each sediment record even in the same region 
necessarily reflects climate changes in the same way. In particular, low am
plitude changes might not be visible in all records. Therefore, it is considered 
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Fig. 7.8. Conceptual model of main transfer processes of climatic signals (parame
ters) via lake and catchment ecosystems into the deposition of varved sediments. 

more important for the study of varved sediments to understand the local pro
cesses of deposition rather than aiming at searching signals that have been 
described from other records in different environments. 

In general, palaeoclimate reconstruction demands a multi-proxy approach 
since each proxy represents one piece of the mosaic that forms the complete 
picture of the lake's history. Proxy data from varved sediments can be ob
tained at different time resolution. These are (1) sub-decadal to centennial 
data from analyses of discrete samples with a defined thickness and (2) an
nual and seasonal data from varve analyses. 

7.7.1 Decadal Data 

Decadal data are from 0.5-1 cm thick sediment sections and integrate up to 50 
years depending on deposition rate. Such data can be obtained also from non
varved lake sediments but varves additionally allow to calculate mean annual 
flux rates through the precise knowledge of time integrated by each data 
point. Furthermore, data interpretation is supported by micro-facies data. It 
is beyond the scope of this review to discuss all kinds of decadal data in detail. 
Instead, only the most widely used proxies are mentioned: 

• Dry density reflects the amount of mineral components in the sediment 
and tells something about the detrital influx (erosion) . 

• Chemical data allow to reconstruct, for example, palaeoproductivity (bio
genic silica) and past redox conditions (Fe/Mn ratio). 



7 Annually Laminated Lake Sediments 123 

• Assemblage variations of terrestrial and aquatic life forms provide data 
about lake and catchment ecosystem changes and have been used for quan
titative temperature reconstructions (e.g., [484], [649], [190], [633]). The 
techniques of transfer functions for calculating past temperature varia
tions from biological remains is discussed elsewhere (Kumke et al. in this 
volume). 

• Stable oxygen isotopes from ostracod shells [1104] and authigenic calcite 
(calcite varves, [390]) have also been used for temperature reconstructions. 
Interpretation of stable carbon isotopes from bulk organic matter is more 
complex and includes both temperature and productivity changes [936]. 

Obtaining long time series of any of the above-described proxy-data at an 
annual resolution is difficult mainly because of limitations of sample material 
and sampling techniques due to the low thickness and undulating structure 
of varves. Nevertheless, attempts for short sediment sections have been made 
with pollen [370], [740] and diatoms [6] in order to prove the seasonal character 
of laminations. 

7.7.2 Annual to Seasonal Data 

Microscopic techniques provide two types of annual data, varve micro-facies 
and varve thickness, which to a certain degree are related to each other. The 
value of varve micro-facies is here demonstrated on two examples and else
where (Baier et al., [37]. 

Case Study Elk Lake 

The sediments from Elk Lake in the North American plains are varved for 
the last 10,400 years. Micro-facies studies enabled to distinguish three main 
depositional phases that have been triggered by major shifts in atmospheric 
circulation [21]: 

1. During the post-glacial lake stage carbonaceous and iron-rich varves 
formed reflecting the period of landscape evolution after the ice retreat. 

2. for the mid-Holocene prairie lake stage clastic-rich varves reflect an in
creased influx of fine, detrital material by eolian activity. 

3. In the modern lake, iron-rich varves including discrete diatom and car
bonate laminae are deposited. These shifts in varve micro-facies are well 
reflected in varve thickness variations with highest values during times of 
increased detrital influx. 

In conclusion, micro-facies studies clearly demonstrate prevailing dry condi
tions in mid-continental North America during the mid-Holocene. 

Case Study Holzmaar 

A micro-facies study for the early Holocene in lake Holzmaar revealed changes 
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in seasonal sediment deposition indicating significant shifts in seasonality [107]. 
From 11 .1-10.4 ka BP varve facies closely followed the scheme of Fig. 7.6 with 
only occasional and thin clay deposition in winter. At 10.4 ka BP winter and 
summer clay layers commenced to form regularly and distinct silt-sand clastic 
layers are intercalated mainly in winter and spring (Fig. 7.9) . 
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Fig. 7.9. Variations in frequency and thickness of seasonal sub-layers during a 600-
year period of the early Holocene (from [107]). 

At the same time thickness of spring and autumn diatom layers decreased 
and sometimes even completely ceased indicating shorter summers and long 
winter seasons with extended lake ice cover. The deposition of marked clas
tic layers reflects exceptional events of catchment erosion triggered by either 
heavy rainfall or strong snow melt. In conclusion, a 200-year period of sig
nificantly colder and wetter climate has been identified in varve micro-facies 
changes. 

Case Varve Thickness 

Since varve thickness is closely linked to micro-facies changes, their analyses 
aids interpretation of thickness data. For clastic varves with only geological 
processes involved in their formation, interpretation of thickness data is gen
erally less complicated because varve thickness depends only on the amount 
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of detrital material transport into the lake. Transport processes in turn are 
controlled by the availability of running water that in glacial environments 
depends on summer temperatures (melting rates) and/or winter precipitation 
(amount of snow and ice). Positive correlations of varve thickness variations 
with summer temperatures have been observed, for example, in Oeschinensee 
(Swiss Alps; [605]) and Lake C2 (Canadian Arctic; [1191]). In contrast, thick
ness variations of Lake Skilak laminations from Alaska have been correlated 
with winter snow accumulation [814]. The latter example, however, demon
strates the pit falls of such calculations since the Skilak laminations later have 
been proven as non-annual laminae [1007]. 

In a more detailed approach, Itkonen and Salonen [496] correlated varve 
thickness data from clastic-organic varves of three Finnish lakes with monthly 
temperature and precipitation data (Fig. 7.10). 
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Fig. 7.10. Paired correlation coefficients of Helsinki mean monthly temperature and 
precipitation and varve thickness data from lakes Paijanne, Paajarvi and Pyhajarvi 
plotted separately for every month (from [496]). 

Highest positive correlations of varve thickness from these boreal lakes 
are with winter temperatures. The explanation is that warm winters with a 
short period of ice-cover favour wind-driven re-suspension of littoral material 
that increases deposition in the deepest part of the lakes. The difference of 
climatic parameters recorded in clastic-organic varves from boreal lakes and 
clastic varves from glacial lakes underlines that there is no universally valid 
varve-climate function. On the contrary, each system has its own characteristic 
pattern of signal transfer that is reflected in varve micro-facies. Deciphering 
these provides a maximum of climatic information. 

Time Series Analyses 

Varve thickness data represent long annual time series, which can be applied 
to search for cyclic patterns in lake sediments and compare these with known 
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periodicities. Since the work of Anderson and Koopmans [24], the search for 
solar signals is a main focus of varve time series analyses. Periodicities related 
to oscillations in solar irradiation as the 11-year sunspot cycle, the 88-year 
Gleisberg cycle, or an '" 200 year cycle, have been detected, for example, 
in lake Holzmaar varves [1118]. An example for variations in the temporal 
pattern of cyclicities has been reported from the varves of Elk lake in which a 
strong'" 100 year cycle was replaced by a 40-50 year period at the transition 
from the Medieval Warm Epoch to the Little Ice Age [21]. In addition to solar 
periodicities, cycles of regional climate systems like ENSO have been reported 
from varve time series [883]. 

The great potential of varve time series data so far has only been explored 
to a minor degree. In particular, the signal transfer of solar periodicities into 
varved lake sediments has to be better understand. Another yet unexplored 
field of research is the application of the phase behaviour of solar cycles as 
marker layers for a synchronization of annually laminated climate archives 
(Vos et al. [1119]). 

7.8 Conclusions 

Varved lake sediments are repositories of past climate variability on the con
tinents. Thus, they tell us the history of climate change and environmental 
impact with annual to seasonal resolution from places where human civiliza
tions have developed. Varves are not only the source for climate proxy data 
but, in addition, enable precise dating of these proxy data, which is a main 
precondition in using these data for modelling. The special characteristic of 
varves is their wide variety of occurrence with several consequences for the 
use of varves in palaeoclimate research: 

• A variety of climatic parameters (summer and winter temperatures, length 
of ice cover, seasonal precipitation etc.) is available due to the different kind 
of proxies 

• Requirement to integrate as many proxies as possible front one profile 
(multi-proxy approach) in order to decipher the full range of information 
about past climate change 

• Varve proxy data interpretation does not follow a simple and generally 
valid approach because of the different depositional patterns of each varve 
facies 

In conclusion, knowledge of the local regime of sedimentation as reflected in 
varve micro-facies is a fundamental precondition for a sophisticated palaeo
climatic use of these proxy data. In general, two main groups of proxy data 
are available from varved lake sediments: 

• Integrated sedimentological varve data (micro-facies) and varve thickness 
at an annual or even seasonal scale 
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• Single components like biological remains (e.g., pollen, diatoms) or chem
ical parameters (e.g., stable isotopes) providing data predominantly at 
decadal scale 

The potential of varve lake sediments has not yet been fully exploited with 
respect to both, the number of discovered and studied profiles (regional vari
ability studies), and, analyses of data like, for example, time series analyses 
on varve thickness data. Thus the picture of climatic variability that emerges 
from varved lake sediments might teach patience for research that requires 
years of effort before fruition. 
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Interpreting Climate Proxies from Tree-rings 

Gerhard Helle and Gerhard H. Schleser 

8.1 Introduction 

Trees, as long living plants, are governed by environmental and/or climate 
changes within their habitat. Their growth rings record to a large extent the 
temporal dynamics of these changes either directly or through tree physio
logical reactions. They render the highest time resolution thus far possible 
for environmental or climate reconstructions of the past 10,000 years (exactly 
dated, annually resolved, see: [828], [994]). Trees are a substantial part of 
the human environment with a high socio-economic value. Their large geo
graphical extension over various regions of the world, including those with 
greatest population densities but also marginal areas allows to gain unique 
informations about local and regional consequences of global climate change. 

8.2 Climate Proxies from Tree-rings 

Most of our present knowledge about the Earth's climate variability over the 
last millennium is based on tree-ring studies using tree-ring-width and maxi
mum late wood density (e.g., [953], [118], [117], [126], [116], [124], [510], [686], 
[688] [201], [184]). Data of both, ring-width and maximum late wood den
sity are usually standardized to minimize non-climatic variances originating 
from tree aging, changing light conditions in the canopy and changes in the 
supply of soil nutrients. Usually, transfer functions are developed by applying 
uni-variate, linear regression models using relationships between standardized 
data series and measured climatic quantities. These transfer functions en
able the reconstruction of climate quantities from proxy data series after they 
have been verified against independent data or climate data withheld from 
the training set [116]. Many articles have been written which describe the 
methods used by classical dendroclimatology (e.g., [1158], [38], [187], [182], 
[344], citeFRITTS91, [949], [951], [950], [477], [873], [1053], [124]) 
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Tree-ring-width (RW) and maximum late wood density (MLD) variations 
have most successfully been used for climate reconstructions at sites where 
tree growth is limited by one dominant climatic factor (e.g., [655], [950], [117], 
[120], [126], [124], [512]). MLD gives significant correlations with temperature 
for cold and moist high-latitude and/or high-elevation sites, e.g. northern N
America or Siberia. In these regions an increase of temperature during summer 
or late summer prolongs the growing season and, thus, improves growth re
sulting in more dense late wood. A disadvantage of the use of MLD as climate 
proxy is its restricted applicability, namely to certain coniferous tree species 
only. It is less suitable for temperature reconstruction in regions where an 
increase of temperature is linked with increasing stress caused by drought, i.e. 
arid regions. In these areas, e.g. the southwestern part of the USA, ring-widt 
h studies revealed good correlations with precipitation amount in such a way 
that increasing drought results in smaller ring widths. 

In temperate regions like Europe the influence of climate variables on tree 
growth is more complex and no simple climate growth relations can be found. 
European oak tree-ring chronologies are among the longest in the world (e.g., 
[58], [828]). They probably form the best dated archive for palaeoclimate 
information of the Holocene in this area. However, the common variance of 
ring-width variation is much lower than at the limits of tree growth. This 
is basically due to the complexity of tree-ring response to climate in these 
regions where little useful climate information has so far been extracted from 
these series [827]. 

In this respect, the use of stable isotopes in tree-rings may be particularly 
promising. The rapid technical development during recent years has given 
the opportunity to establish millennial tree-ring isotope chronologies. Isotope 
work is more costly compared to ring-width measurements, but it provides 
the possibility of enhancing the quality of climate reconstructions in more 
temperate climates (e.g., [59], [887], [925]). This article will focus on the in
terpretation of tree-ring stable isotopes as climate proxies. 

8.3 Stable Isotopes as Climate Proxies 

A prerequisite for the interpretation of isotope chronologies from tree-rings 
is the assessment of the biochemical processes being responsible for stable 
isotope discrimination and the signal transfer of isotope ratios from leaf level 
or other relevant tree compartments into tree-rings. In return, tree-ring stable 
isotope analyses might bear the potential to give retrospective insight into 
changes of tree physiological processes underlying tree-ring formation, thus, 
helping to understand past climate growth relationships. 

8.3.1 Methods, Definitions and Notations 

To date, stable carbon, oxygen or hydrogen isotopes of organic matter or 
chemical compounds thereof, are measured as CO2-, CO- or H2-gas introduced 
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into an isotope ratio mass-spectrometer. Today this is mostly achieved in a 
helium carrier gas flow. Measurements of H, C, and 0 isotopes are made by 
electronically comparing the intensities of mass-spectrometrically resolved ion 
beams. Peak areas of the resulting sample beams are compared with those of 
a known gas reference. The carrier gas method enables the determination of 
the unknown isotopic composition of the sample by calculating the differences 
in peak area from those of the standard gas, and circumvents the necessity of 
making measurements of absolute intensities for each sample, which would be 
more difficult. 

Carbon, oxygen and hydrogen isotopes are expressed in the conventional 
delta-notation. It states the difference of the isotopic abundance ratio (R, 
either D/H, 13Cj12C or 1B0j160) of a sample (s) and the ratio of an in
ternationally adopted reference (ref). This dimensionless o-value is given as 
Os = (~ - ~ef)/~ef X 1000 in per mil (%0). Depending on the element of 
interest this formula represents oD (or 02H), 013 C, or 01BO values. Thus, the 
internationally adopted references are zero (0%0) on the corresponding o-scale. 
For oxygen and hydrogen isotopes the reference is Standard Mean Ocean Wa
ter (SMOW), defined by Craig in 1961 [196]. The most common standard for 
carbon and oxygen isotopes in organic matter or carbonates is PDB, which 
represents a fossil belemnite from the Pee Dee formation, Upper-Cretaceous, 
of South Carolina, USA [195]. Note that o-values can either be positive or 
negative, depending on the isotopic ratio of the sample relative to the isotopic 
ratio of the corresponding international reference. 

8.3.2 Carbon Isotopes 

Many climate investigations are based on carbon isotopes from tree rings 
(e.g., [1165], [702], [600], P022], [627], [540], [637], [1183], [450], [267], [35], 
[703][1076]). The use of 0 3C from plant organic matter as a palaeoclimate 
proxy is based on models which consider the fractionation of the stable car
bon isotopes during photosynthetic uptake of CO2 in the leaves. These models 
consider a number of direct and indirect factors which influence the isotopic 
composition of plant organic matter, such as type of photosynthesis and en
vironmental factors like relative humidity or precipitation, temperature, pho
tosynthetic active radiation and concentration of atmospheric CO2 (pC02), 
respectively. 

An expression for the photosynthetically generated carbon isotope compo
sition in C3 plants like trees (013Com of organic matter) has first been given 
by Vogel [1100]. The most widely used equation was introduced by Farquhar 
et al. [297] (see also [935]) and reads in in its most elementary form: 

(8.1) 

013 Ca is the 013 C value of atmospheric CO2 (R: -8%0), CD is the fractionation 
for diffusion (-4.4%0), Cc is the fractionation at the CO2 fixing enzyme, Ru-
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BisCO (-30%0), including the equilibrium effect for CO2 dissolution and ci 

and ca are the leaf intercellular and ambient atmospheric CO2 concentrations. 
In principle, isotope variations have to be given relative to the source value, 

i.e. the 013C-value of atmospheric CO2, because any changes in the source 
value will otherwise be interpreted as a false environmental or climatic signal. 
Therefore, isotope shifts should be given as deviations from the source value, 
characterizing the 13C discrimination of the whole process in question. This 
discrimination is expressed by ,1 giving the shift of 13Cp2C ratio between air 
(013 Ca ) and plant organic matter (013 Com). To a good approximation ,1 is 
given by: 

,1 e:: 013Ca - 013Com = -cD(1- cdca) - ce(cdca) (8.2) 

As long as 013 Ca is constant 013Com variations are independent of the 
source. If 013Ca is variable but known, adequate corrections can be applied 
and 013 Com can be used as well as ,1. 

Equation (8.2) implies that atmospheric 013Ca and atmospheric partial 
pressure of CO2, i.e. as given by Ca constitute the input level ofthe system and 
affect the carbon isotope composition of organic matter either directly (013Ca ) 

or indirectly (cdca - with regard to stomata index or stomatal density). Since 
013Ca is currently decreasing and pC02 (ca ) is increasing due to burning of 
fossil fuels and deforestation ([736]; see Fig. 8.4a,b), 813 Com values originating 
from the last 200 years have to be corrected accordingly, in order to compare 
them with values from previous centuries. 

From equation 8.2 follows that ,1 is not merely the sum of the individual 
fractionations. The contribution from each step of fractionation (CD; cd de
pends basically on the ratio of cd Ca. In case of reduced stomatal aperture, 
e.g. when dry and/or high temperature conditions prevail, the uptake rate 
of CO2 is restricted, resulting in low leaf internal CO2 concentrations (see 
Fig. 8.1). Under these conditions the enzyme (RuBisCO) converts most of the 
leaf internal CO2, thus, greatly suppressing the carboxylation fractionation, 
Ce , (at the limit: cdca ~ 0). ,1 is then primarily determined by CD which 
leads to high 013 Com-values (,1 = 4.4%0 and 813 Com = -8 - 4.4 = -12.4%0). 
If the concentration of leaf internal CO2 increases, e.g. when humid and/or 
low temperature conditions prevail, due to wide stomatal apertures, the frac
tionation for the step of carboxylation cc becomes important, while the con
tribution from diffusional fractionation, CD' can be ignored. ,1 is then basi
cally determined by ce which results in low 813 Com values (,1 = 30%0 and 
813 Com = -8 - 30 = -38%0). 

Plants attempt to optimize the relationship between water loss and car
bon acquisition, which is primarily governed by stomatal movement due to 
water vapour pressure difference. Since stomatal aperture is to a great extent 
responsible for cdca (formulae 8.1 and 8.2) this suggests a direct influence of 
relative humidity or precipitation on 813C, which has been shown frequently 
(e.g., [627], [450]). However, a reduction of ci can also be the result ofincreased 
photosynthetic activity (e.g. higher turnover of CO2 by RuBisCO) possibly 
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Fig. 8.1. Model constraints of carbon isotope fractionation during photosynthesis 
(after [297], [935]). Two examples are given of how stomatal aperture affects changes 
in 013 C of tree organic matter [935]. In nature, leaf internal C02 does not approach 
the two extremes discussed above. Therefore, 013C will generally be intermediate 
between the two extreme values. 

due to higher temperatures. It is not possible to estimate solely from the car
bon isotope response whether a plant reacts more strongly on the CO2-supply 
side (stomata) or the demand side (biochemical) of photosynthesis [932). 

As outlined, isotopic effects are initially expressed at the site of photosyn
thesis, i.e. of the leaves, rather than any other part of a tree such as its trunk. 
Assuming a steady export of assimilates from the leaves directly into tree
rings, a continuous build up of new cell rows should constantly incorporate 
stable isotopes, with varying isotopic signatures, depending on the stomatal 
conductance and the assimilation rate. Hence, tree-ring studies using whole 
ring material tacitely assume that environmental changes during the vege
tation period are permanently recorded resulting in a time-averaged 8-value 
covering environmental changes of the whole vegetation period. 

Unfortunately, annual ring growth is not linear in time. The ability of a 
tree-ring to integrate environmental information depends on the longevity of 
its cells, which is, among other factors, species dependent. In general, tree-ring 
formation starts with light coloured, wide and thinly walled cells (earlywood, 
EW) which may live only days up to a few weeks. During the summer narrow 
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cells develop having thick walls which may live up to several months. This 
more dense and darker wood is called latewood (LW). 

The assessment of seasonal tree-ring 013 C patterns, i.e. intra-annualo13 C 
patterns can help to elucidate the signature transfer from leaf level into the 
developing woody tissue. Provided the above reasoning is correct a high intra
annual resolution should screen the weather conditions along the season ex
perienced by the corresponding tree. 

Previously published data from investigations dealing with radial subsec
tions of tree-rings partly reveal rather contradictory results [1165], [334], [599], 
[602], [603], [601], [542], [775], [638], [965]. However, many of these authors 
found systematic differences between early- and latewood. 

Recent detailed investigations [936], [447] of up to eight consecutive years 
of several broad leaf species and coniferous tree species comprising resolutions 
down to 10flTIl revealed a rather similar 013 C pattern. During the development 
of EW, 013C data rise to a maximum and subsequently fall to a minimum 
which is reached in the LW section of a tree ring. At the end of LW formation 
013C values start rising again. The reasons for this pattern are quite complex, 
because tree-ring material might partly originate from previous years and in 
addition carbohydrates undergo a number of chemical modifications which 
involve isotope fractionations [447]. 

Figure 8.2 shows a typical example of the seasonal tree-ring 013C pattern. 
Two tree-rings of oak (Quercus petraea (Matt.) Liebl.) from northern Ireland 
have been subdivided into slices of 40flTIl for this study. 

Oak belongs to the group of deciduous trees with ring porous wood. Their 
EW formation starts before bud burst. It is completed before the leaves have 
fully expanded, i.e., before they are capable of photosynthesis [827]. Conse
quently EW uses photosynthates from previous years, accumulated as starch 
during summer and stored during winter. For this reason a number of palaeo
climatological isotope records only use the stable isotope content of LW. 

Previous year's starch material is not necessarily isotopically labelled by 
the climate signal of its formation period. It rather exhibits an enrichment 
of 13C as compared to far less polymerized sugars [141], [382]. Consequently, 
the incorporation of starch derived 13C carbon results in the observed iso
topically heavier EW [447]. In conjunction with the release of 13C depleted 
stem respired CO2 carbon isotope partitioning between anabolic and catabolic 
metabolism [939] can also lead to 13C enriched EW. Moreover, bud burst and 
EW formation are accompanied by the highest respiration rates of the year 
in order to meet the energy requirements of the tree in this period of fast 
growth. 

The subsequent 013C decline is followed by changes in carbon isotope par
titioning between wood formation, starch accumulation and stem respiration 
rates as well as increasing incorporation of currently produced assimilates 
which carry the climatic signal [447]. 

Although best correlations are often found between the carbon isotope 
content of LW and monthly mean temperatures of July and/or August it is 
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Fig. 8.2. 1)13 C pattern of tree-rings from an oak tree of Northern Ireland, formed 
during the years from 1957 and 1958. 

evident, that not only EW but also LW is influenced by non-climatic tree 
internal processes. Unfortunately, the present knowledge about carbohydrate 
partitioning during the transfer of photosynthates into tree-rings is poor. In 
addition, the fractionations involved in the seasonal interplay of major tree 
physiological processes like accumulation and remobilization of storage mate
rial , varying stem respiration and build-up of tree-rings is not known in detail 
and difficult to quantify. Thus, the complexity of these processes presently pre
vents the establishment of a clear linkage of weather events with particular 
intra-annual isotope signals. 

Nevertheless, the 13 C pattern in tree-rings exhibits different peculiarities 
which can be attributed to certain weather situations along the vegetation 
period of the corresponding year. Figure 8.2 shows a comparison of the radial 
carbon isotope distribution of the years 1957 and 1958 with monthly means 
of temperature and precipitation of the vegetation periods. 

The months of June and July of 1957 have been particularly dry and 
warm. Following the results of the model described above the tree responded 
with narrow stomatal apertures and the produced assimilates had a relatively 
high 13 C content, causing a fairly slow decline of ~.p C across the latewood. 
In 1958 813C values fall immediately down to a minimum at the beginning 
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of latewood development, showing no significant 13C variations further on. 
Indeed, the weather conditions during the summer months of the year 1958 
varied little, especially precipitation, i.e. within a range that causes no isotopic 
variations. Presumably water supply and temperature conditions just varied 
within the optimum range of tree growth inducing no stress to the tree. This 
example shows a typical characteristic of biological systems. At optimum en
vironmental conditions plants show optimum growth (note, that the tree-ring 
from 1958 is 12% wider than the ring formed in 1957) and mostly largest 
discriminatio ns, i.e. the lowest 813C values. The sensitivity of 813 C (or any 
other proxy) is weak, as long as the environmental signal oscillates around 
the optimum of plant growth. Below or above the optimum the sensitivity 
to environmental changes increases progressively. A biological system might 
respond in different ways on either side of the optimum conditions, so that the 
correlation between a proxy and an environmental quantity could vary and 
even become negative or positive in sign, leading to a non-linear, e.g. possibly 
bell-shaped response [936]. 

By using a bivariate linear approach Edwards et al. [267] demonstrated 
that the strength of tree-ring 813 C response to changes in relative humidity 
(RH) and temperature (T) can be rather conflicting: either it increases or 
progressively weakens and even disappears. For more detailed information on 
this subject the reader is referred to another chapter of this book (Mayr et 
al. in this volume). 

8.3.2.1 Climatic Significance of Stable Carbon Isotope 
Chronologies 

The considerations given above basically provide a perspective to understand 
the processes underlying the generation of isotope signals in tree-rings. Nev
ertheless, much more work is needed to meet the requirements of appropri
ate transfer functions. To date transfer functions are generated from modern 
data sets of 813C and climate quantities. The usually applied linear regression 
models reveal strong correlations between 813 C and relative humidity, tem
perature, precipitation amount, or soil moisture status (e.g., [854], [627], [626], 
[596], [305], [926], [928], [922], [936], [812], [449]). Though temperature varia
tions are not directly responsible for changes of carbon isotopes, temperature 
has been and is one of the important quantities which is being looked at for 
climate reconstructions. Therefore, numerous studies have dealt with and still 
deal with the pr oblem of transferring carbon isotope proxies of plant organic 
matter into temperature values, least translating carbon isotope variations 
into relative temperature changes. 

A simple way to relate 813C variations with temperature is by stating 
the temperature coefficient T which describes the carbon isotope shift ~813C 
per unit temperature change ~T (T = ~813C/~ T[%o;oC]). Thus, having 
determined the 8-differences and the complementary temperature changes, 
the corresponding T value can be calculated. Note that this relationship is 
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purely linear. A vast number of temperature coefficients have been determined 
accordingly and published (see [936]) . Currently two types of data sets are 
available: on the one hand, results from growth chamber investigations on 
fast-growing non-woody plants, and on the other hand, field investigations 
on either trees or non-woody annuals, including discrimination changes along 
temperature gradients from different latitudes. 

In naturally grown plants correlation coefficients are mainly positive, cov
ering a range from 0.1 to more than 2.0%orC (e.g., [936]). Nevertheless, 
growth chamber investigations in which only temperature varies (all other 
parameters being kept constant) almost always result in negative T-values, 
which range from -0.1 to -0.7%orC (see [936]). 

Figure 8.3 gives the example of an isotope record for climate reconstruc
tion. It shows the average 013 C variations of 5 Siberian trees (Larix sibirica, 
larch) from a site near Irkutsk, Russia for the time period from AD 1680 to 
1998. The calibration of the carbon isotope proxies with instrumental records 
was achieved with the meteorological data set from Irkutsk weather station 
[1101]. 
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Fig. 8.3. 813 C chronology from 1680 to 1998 AD derived from larch trees near 
Irkutsk. For the last 200 years corrections have been applied to eliminate the effects 
of declining atmospheric 813 C02 and increasing pC02 on tree-ring carbon isotope 
ratios [llOl]. 

013 C variations of larch trees show a significant positive correlation with 
monthly mean and seasonally averaged temperatures of the vegetation period 
as measured at Irkutsk. Year to year changes (first differences) of tree-ring 
013 C and temperature values were correlated to overcome the influence of 
increasing atmospheric CO2 partial pressure (pC02 ) in conjunction with de
creasing atmospheric 013 Ca values. 

According to the mechanisms of carbon isotope fractionation during pho
tosynthetic uptake of atmospheric CO2 , the changes in atmospheric pC02 

and 013Ca since 1800 are producing a declining 013 C trend which prevents a 
reliable calibration. The tree-ring 013 C decline certainly documents the an
thropogenic changes in atmospheric CO2 induced by fossil fuel burning and 
deforestation [1036], [736], [597]. 013 C values from tree-rings of the last 150 
years cannot be compared with those of the previous, pre-industrial era unless 
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corrected accordingly, i.e. against the changing source value. The corrections 
applied to the tree-ring carbon isotope chronology from Lake Baikal are based 
on measurements of atmospheric CO2 concentration and its &13Ca-values de
rived from ice cores [340] and direct measurements [524], [522], [326], [327] 
(see Fig. 8.4a,b). 
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Fig. 8.4. (a) Declining atmospheric 813C02 (813 Ca) trend and (b) increasing at
mospheric C02 (pC02) concentrations from 1800 until 1998 as derived from ice 
cores and direct measurements. The changes are induced by fossil fuel burning and 
deforestation [736]. 

Note, that a correction of the changing &13C02 source value is commonly 
accepted, whereas the question to what extent changing pC02 values influence 
plant isotopic discrimination is under discussion. pC02 effects on &13C of up 
to 0.2%o/10ppm are reported (e.g., [305], [561], [303]) . The tree-ring carbon 
isotope chronology presented in this article (Fig. 8.3) was corrected for a 
pC02-effect of 0.073%o/10ppm for the last 200 years. This coefficient was 
derived from greenhouse experiments with oak trees and confirms own open 
top chamber experiments on wheat plants which revealed similar results ([561], 
Schleser, Helle, unpublished data). The question of how to correct &13C values 
in tree-ring records due to the atmospheric changes of pC02 and &13Ca will 
be discussed in detail by Treydte et aL [1075]. The corrections for the chan 
ging atmospheric CO2 concentration and its changing 13C02;t2C02 ratios 
converts the formerly declining &13 C trend of raw data into an increasing 
&13 C trend, i.e. a warming trend that was observed in several archives for the 
last decades of this century. Both, reconstructed and measured temperature 
reveal a large increasing summer temperature trend of ....., + 1.00 C over the last 
20 years. 

Three different climatic phases can be established (Fig. 8.3). Correspond
ing to the 'Little Ice Age' in Europe existed a cool phase till about AD 1780 
only interrupted by a short five year warm phase between AD 1727 and 1733. 
A period of transition between AD 1780 and 1870 leads to a period with tem
peratures consistently above the mean of the AD 1680 to 1998 time period. 
Annual carbon isotope variations reveal recurring colder summer tempera-
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tures for AD 1905 to 1917, AD 1935 to 1943, AD 1960 to 1965 and AD 1980 
to 1990. 

The current results suggest that the observed events may have occured 
over the entire Northern Hemisphere, and they seem to have been almost 
contemporaneous with Europe and North America. 

During AD 1880 to 1915 S13e-temperature relations are rather different 
compared to the rest of the calibration period. The better match of the raw 
values with measured temperature during this time might indicate that this 
is an effect of unappropriate correction for changes in atmospheric e02 in 
the early stages of the industrialization. It could also be that the sensitiv
ity of tree-ring s13e to temperature variation is not constant and the trees 
are additionally influenced by other environmental quantities resulting in a 
compensation of the predominant temperature regime. 

This would be in agreement with observations from tree-ring carbon iso
tope studies in central England. By using a 15-year moving window technique 
Aykroyd et al. [35] explored the short term temporal variability in the strength 
of the correlation between annually resolved s13e indices from oak tree-rings 
and monthly temperature data over a time period of 99 years. Figure 8.5 shows 
that the correlations between the carbon isotope indices and mean July or Au
gust temperature vary between r = 0.00 and 0.87, i.e. for some parts of the 
time period there where no correlations at all and for others highly significant 
correlations emerge. 

Some recent studies [126], [1084] suggest that the response of tree growth 
to climatic forcing has changed in recent years. Unlike trees growing at high el
evation or high northern latitudes, where tree growth is dominated by a single 
climatic parameter, oaks from temperate climates are facing far less extreme 
situations. The observed short term variability in the strength of correlation 
between tree-ring s13e and temperature can not be considered as an adap
tation of the biological system to environmental conditions. It is more likely, 
that the principle controlling variable could switch from one climatic quantity 
to another, in response to whichever parameter is more limiting during the 
growing season. To investigate the changing climatic sensitivity of trees, all 
factors influencing tree-growth and carbon isotope fractionation have to be 
considered. These include physiological adaptations to enhanced atmospheric 
e02 concentrations (e.g., [561], [823]) and changes in the length and timing 
of the growing season. The lengthening of the growing season is supported 
by indirect evidence [523] and by phenological observations [717], [992]. Most 
studies report an earlier start of the growing season [992]. The unfolding of oak 
leaves for instance has advanced nearly three weeks since the 1950's. However, 
it seems to be difficult to define the end of a growing season [1168]. A corre
lation coefficient derived across a set of training data represents the average 
of a time-variant correlation, and may mask large variations in the climate
growth relationship. The resulting transfer function is based on this average 
correlation and, when applied to proxy data, will reconstruct the climatic vari
able with differing efficiency across the time series, depending on the strength 
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Fig. 8.5. Moving 15-year correlation between carbon isotope indices and (a) mean 
July temperature and (b) mean August temperature. The dotted line represents the 
5% critical value for r. The dot-dashed line represents the overall correlation for the 
whole data set (after [35]) 

of the relationship at a particular time. At times when the climate variable 
is strongly forcing the proxy, the reconstructed data will be good. At other 
times, when the correlation is low and some other variable has taken over the 
primary forcing role, the reconstructed data might be very poor [124] . The 
same problem can be expected in the interpretation of any climate proxy from 
any other source, if the proxy responds to more than one climate variable. 

The above given statements surely highlight the difficulties of climate re
construction based on one tree-ring parameter only. Wood anatomical features 
like e.g. density fluctuations in early wood reveal late frost events hence de
manding the evaluation of different tree-ring features , i.e. proxies providing 
additional information about climatic events at different times of the year. 
Hence, comprehensive climate reconstruction based on tree-rings can only be 
achieved by the assessment of multiple tree-ring proxies. 
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8.3.3 Hydrogen and Oxygen Isotopes as Climate Proxies 

The stable isotopes of hydrogen (D/H or 2Hj1H) and oxygen eS0j160) in 
meteoric water vary in both time and space [196) and they have been used 
extensively to reconstruct past temperatures from ice cores or ocean sedi
ments (e.g., [462)). Although continuous tree-ring records do not go back as 
far as ice cores or sediments, they provide precisely dated, high-resolution 
information for up to several thousand years which may not be found in the 
precipitation records of ice cores [344), [345), [627), [1033), [892). Since the 
terrestrial biosphere is located at an important junction of the water cycle 
on the earth surface, tree-ring records are of utmost importance. On the one 
hand, this junction controls the partitioning of precipitation waters into the 
surface or subsurface run-off systems, and on the other hand the return of 
water to the atmosphere by means of evapo-transpiration [365). Supplemen
tary intra-annual information is found in tree-rings, because they also record 
fractionation events related to biochemical processes that respond to local 
seasonal environmental variations. 

8.3.3.1 Factors Influencing oD and 0180 in Tree-rings 

Most isotopic studies have shown that analyses of hydrogen and oxygen iso
topes in plant organic matter provide valuable information regarding climatic 
variation [934), [395), [280), [279), [224). Strong correlations have frequently 
been found between isotope ratios in tree-rings and precipitation, or air tem
perature [1174), [304), [927), [928). 

Some studies argue that humidity is primarily recorded by the isotope 
values of tree-rings [143), [1174), [266), [628), whereas others find no evidence 
for a humidity signal [232), [1155), [1052). These discrepancies depend most 
likely on the species and the sites investigated. 

In order to understand exactly which biological and environmental infor
mation is recorded by the isotopic composition of hydrogen and oxygen of 
tree-rings, the steps along the path from meteoric source water into tree-ring 
tissue have to be assessed. 

The hydrogen and oxygen isotope ratios of plant organic matter are influ-
enced by three main factors: 

1. The isotope composition of source water taken up by the trees 
2. The evaporative enrichment in the leaves during transpiration 
3. The biochemical fractionation 

a) fractionation during formation of photosynthetic sugars 
b) post-photosynthetic isotopic exchange during tree-ring cellulose for

mation 

A model presented by Roden et al. [892) includes all aspects listed above. It 
predicts the isotope ratios of tree-rings, based on both humidity and source 
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water with its environmental information. The subsequent description repre
sents some excerpts from their model and those from other authors. 
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Fig. 8.6. (a) Upper curve: mean &180 p of precipitation from May to August at 
Bern, Switzerland. Lower curve: mean &18 0 c of tree-ring cellulose of beech trees. 
(b) Upper curve: year to year changes of mean 818 0 of tree-ring cellulose. Lower 
curve: early summer mean air temperature (April to June) at Bern weather station. 
Analytical error indicated as width of the band. (both figures from (922)) . 

1. Source water 

'frees take up water from the soil with their roots. Depending on site, i.e. 
soil texture and tree species the water taken up reflects the isotopic signa
ture of surface water and/or groundwater. In contrast to the damped, but 
still strong seasonal variation of oD and 0180 of soil water derived from pre
cipitation, groundwater generally represents the long-term mean of isotopes 
in precipitation and does not exhibit any Significant short-term variations. 
For reconstructing the isotope content of precipitation from tree-rings, well 
drained, dry Or semi-dry sites (e.g. sites with sandy or rocky soil texture) have 
to be chosen where only the rain water will be trapped by the root system 
of the trees. In addition, tree species having shallow roots like spruce Or pine 
should be used instead of species with tap-roots like oak which use ground
water of very different soil depths. Hence, if appropriate sites and tree species 
are chosen, precipitation is the primary source of hydrogen and oxygen iso 
topes in plants, representing the 018 0 of recent precipitation events [922]. 
Figure 8.6a shows that 0180 from summer precipitation (0180 p , May to Au-

gust) is well recorded in 0180 of cellulose (0180 c) from beech trees grown at 
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a dry site near Bern, Switzerland. However, even at selected sites the slope of 
linear regression between 0180 p and 0180 e is normally less than 1, although 
this would be expected for an undisturbed signal transfer between precipita
tion and cellulose. The meteoric 0180 signal in tree-rings could be weighted 
by growth or some of the oxygen incorporated into cellulose might originate 
from previous year's photosynthates. 

Since stable isotopes of precipitation vary with the temperature of the 
condensation process, strong correlations of 0180 in precipitation with surface 
air temperature for polar and coastal stations have been found, revealing 
an average change in 0180 of 0.7%otC [215]. Figure 8.6b compares 3-year 
means of early summer (April to June) temperature of the weather station 
in Bern, Switzerland with the 3-year mean of year to year changes of 0180 e 
from tree-rings of beech. It is apparent that the variations of 0180 e and air 
temperature of the early part of the vegetation period are quite similar. Linear 
regression analysis (r = 0.70, p < 0.01) resulted in a temperature coefficient 
of +0.33 ± 0.09%0 per °C (see [922] for further details). 

Besides temperature there are many other factors influencing 0180 and 
oD in precipitation, like changes in the origin of air masses or fractionation 
effects due to continental or altitudinal gradients. Hence, a quantitative in
terpretation of isotope records in precipitation derived from tree-rings has its 
difficulties as they are characterized by rather complex regional and local scale 
hydrological and meteorological systems. 

2. Leaf water enrichment 

Water, imprinted with a certain stable isotope source signal, is taken up by the 
roots and transported to the leaves. During this uptake and transport no frac
tionation against hydrogen or oxygen isotopes occurs (e.g. [1154], [270], [623]). 
At leaf level, water is lost to the atmosphere in the process of evapotranspira
tion which is governed mainly by ambient air humidity. During evaporation, 
the lighter water molecules containing the isotopes 1 H and 160, are favoured 
with regard to the heavy isotopes D (2H) and 18 0. Moreover, provided the 
air is not fully turbulent, into which the vapour is transported, the water 
molecules containing the lighter isotopes will also diffuse faster away from the 
liquid-vapour interface. The evaporation of depleted water molecules from the 
water surface results in D and 180 enrichment of the liquid phase, left behind 
in the intercellular domain of the leaves. Hence, the potential climatic signal 
of soil water is freq uently superimposed by a marked D and 180 enrichment 
in leaf water associated with evapotranspiration. 

Figure 8.7 gives an example of the diurnal course of 180 enrichment in 
leaf water of an oak tree during a sunny summer day [319]. Maximum 180 
enrichment is reached during early afternoon (14:00pm), subsequently falling 
down to a minimum at 10:00 am the next day. At the time of maximum 
enrichment the tree was exposed to the highest air temperatures of the day 
accompanied by the lowest ambient humidity. The subsequent decline in 180 
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is difficult to conceive, since the water flux into the leaves almost ceases in 
the afternoon. Most probably this is an exchange between leaf water and the 
surrounding air humidity. Note that the stable isotope content of twig water 
is close to that of soil and root water and that it remains constant during the 
day. 
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Fig. 8.7. Diurnal variations of H~80 enrichment in leaf water of an oak tree (af
ter [318]). 

Air samples taken at different heights in a beech forest revealed no sig
nificant changes, i.e. tree transpiration does not change the 180 j16 0 ratio of 
the surrounding air humidity. The 8180 values of air humidity are constant 
during the daytime as long as the weather conditions are constant [318]. 

Leaf water enrichment is influenced mainly by relative humidity but also 
by temperature, and the isotopic signature of the source, as well as by char
acteristics of the evaporating surface [197], [250], [1004], [296] (see [1172] for 
review). Assuming well mixed systems of constant volume, the effects were 
first quantitatively described by Craig and Gordon [197] for open water sur
faces. Flanagan et al. [315], [316] and Flanagan [314] expanded the Craig
Gordon model for predicting leaf water isotope ratios across a wide range of 
environmental conditions. It is given by 

R *[ R (ei-eS ) R (es-ea ) R (ea )] wI = G G k wx -e-i- + G kb wx -e-i- + a ei (8.3) 

where the subscripts wI, a, i, sand wx refer to leaf water, bulk air, inter
cellular air spaces, leaf surface, and xylem water (source water), respectively. 
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The fractionation factors differ depending on whether hydrogen or oxygen 
isotopes are being modelled, but the same general model applies for both 
isotope species. a* is the liquid-vapour equilibrium fractionation factor and 
varies with temperature according to the equations of Majoube [679] for both 
HID and 160j1S0. a k is the kinetic fractionation associated with diffusion in 
air (HID = 1.025 and 160j180 = 1.0285), and a kb is the kinetic fractiona
tion associated with diffusion through the boundary layer (HID = 1.017 and 
160j180 = 1.0189). 

Under steady state conditions their model allows to predict leaf water 
a-values. Several studies have found that the Craig-Gordon model predicted 
a somewhat greater isotopic enrichment than was actually observed in leaves 
(e.g., [891]). It contains a number of assumptions that may not be strictly valid 
for leaves such as isotopic steady state, constant water volume and isotopic 
homogeneity [1171], [892]. 

Following the descriptions above, reconstruction of air humidity from tree
rings could be achieved by choosing species which get their water mainly 
from groundwater. The extent of leaf water enrichment documented in the 
tree-rings can then be used as a measure of the tree's response to changing 
ambient humidity. 

3. Biochemical fractionation 

3.1 Fractionation during formation of photosynthetic sugars 

Oxygen and hydrogen isotopes of the leaf water pool are incorporated into or
ganic compounds through biochemical processes which partially involve frac
tionation. Although both isotope species are up to that stage very much in
fluenced by the same internal and external factors, it has been observed that 
the oxygen isotope ratios within biochemical compounds of a plant are far 
less variable than the oD values [1002], [1172]. Along with the autotrophic 
metabolism, photosynthetic electron transport discriminates against D and 
forms a pool of available reduct ants that is depleted in the heavy isotope by 
'" -170%0 [286]. Sugars produced during photosynthesis are lighter than the 
surrounding leaf water, which is enriched relative to soil water. In contrast to 
the negative biological fractionation associated with autotrophic metabolism, 
the hydrogen isotope fractionation associated with heterotrophic carbohydrate 
metabolism is positive within a range of '" +140 to +160%0 (e.g., [1173]). 
Y akir and DeNiro [1173] showed that postphotosynthetic metabolism affected 
the oD value of cellulose and observed that about 50% of the carbon-bound 
hydrogen in leaf cellulose was exchanged by hydrogen from water during cel
lulose synthesis. 

The 01S0 values of leaf cellulose are +27%0 enriched as compared to leaf 
water [233], a value that was obtained for a variety of plants (± 3%0). The 
process responsible is the carbonyl-water interaction during hydration reac
tions on assimilate synthesis [1003], [1004]. Because the fractionation factor 
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is the same for autotrophic and heterotrophic fractionation of oxygen, there 
is no need to distinguish between the two. 

3.2 Post photosynthetic isotope exchange 

No further alteration of the isotope composition of carbohydrates occurs dur
ing phloem transport from the leaves to the site of cellulose synthesis in stems. 
However, additional biochemical fractionations take place at the site of tree
ring cellulose synthesis. 

Figure 8.8 shows the intra-annual pattern of 0180 within two rings of an 
oak tree. In contrast to the 013C pattern described above, minimum 0180_ 
values show up in early wood (EW). Subsequently 0180-values increase fol
lowing the seasonal course of isotope variations in precipitation superimposed 
by leaf water enrichment due to seasonal changes in ambient temperature and 
humidity. As mentioned earlier, EW of oak is completed before the leaves have 
fully expanded. Therefore, the oxygen isotope content of EW should theoreti
cally reflect that of latewood (LW) formed during the previous summer. This 
is obviously not the case. The depleted oxygen isotope values are probably 
caused by a reequilibrium exchange of oxygen atoms from cellulose precursors 
with stem (xylem) water ascending from the roots and carrying the isotopic 
signal ofthe soil water. 

Note, that cellulose formation is accompanied by a breakdown of the trans
ported sugars (mainly sucrose) into smaller units (triose phosphates). Con
sidering the cellulose synthesis from sucrose, 20% of the oxygen atoms being 
incorporated are exchangeable [294]. Additional 60% of the oxygen atoms in 
various amounts of triose phosphate molecules are expected to exchange with 
water [892]. The fraction of exchangeable carbon bound oxygen (10) can be 
estimated by, 

fo = 0.6 x y + 0.2 (8.4) 

where y is the fraction of sucrose that is broken down into triose phosphates 
before being incorporated into cellulose. From results by Hill et al. [458], 
Farquhar et al. [294] calculated that '" 40 to 50% of the sucrose was broken 
down into triose phosphates. Roden et al. [892] report a similar y value of 
about 38%. In conclusion, 40 to 50% of the oxygen atoms could undergo 
isotope exchange with xylem water imprinted with the soil water signal. 

Luo and Sternberg [661] estimated from empiric relationships that the 
fraction of carbon-bound hydrogen should be similar to fo. However, the bio
chemical basis for exchange of hydrogen is less documented than for oxygen. 

The explanations given above show that tree-rings are not likely to be a 
direct recorder of the isotopic composition of precipitation or air humidity, as 
there are many steps along the path from meteoric source water to cellulose. 
Site and species selection is very important. More detailed mechanistic un
derstanding and modelling is necessary to quantify both effects the physical 
and biochemical, namely, fractionation effects associated with hydrogen and 
oxygen isotope ratios in tree-ring cellulose. Models, like those presented by 
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Fig. 8.8. Seasonal variations of J180 in tree-rings from an oak tree (Stuttgart
Hohenheim, South-western Germany), formed during the years 1996 and 1997 (Sam
ple provided by M. Friedrich, University of Hohenheim). 

Roden et aI. [892] predict the isotope ratios of tree-rings. They still need to 
be implemented and adopted for climate reconstruction purposes. 

8.4 Conclusions 

Trees are not direct recorders of changing meteorological variables encoun
tered in their vicinity. Their rings record the temporal dynamics of changes in 
atmospheric CO2 (813Ca and pC02 ) and the water cycle, as well as the plant 
physiological reactions to these changes. Nevertheless, tree-ring proxies such 
as ring-width, ring density and stable isotope content have most successfully 
been used for climate reconstructions. The different proxies principally record 
variations of ambient air temperature, reI. humidity or precipitation indirectly, 
via plant physiological responses to these quantities. The currently applied 
transfer functions are as yet, at least in parts rather ambiguous. Depending 
on species and site, each dendroclimatological proxy will respond somewhat 
different to changing climate quantities. A combination of all tree-ring proxies 
might, in future help to distinguish between climatic and non-climatic factors 
and, might enable to deconvolute the complex climate sign aI. This, however, 
will only be successful if we have a fundamental understanding of the physic-
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ochemical processes and the physiological behaviour of the biological system. 
Appropriate and reliable functional relationships between tree-ring parame
ters and climate quantities which meet the requirements of climate models 
cannot be restricted to linear regressions between proxies and instrumental 
data records. The relation between the physiological behaviour of trees and 
climatic quantities can change over time. 

The greater operating expense of isotope work as compared to ring-width 
or ring density investigations could very well payoff, because it improves the 
knowledge about tree physiological processes operating between climate and 
growth. In the light of our lack of knowledge dendroclimatologists treated 
these processes as a 'black box' applying statistical methods which, although 
effective rarely reflected direct plant physiological processes. In future, a com
bination of plant physiological and dendroclimatological methods could open 
up new opportunities. The tree-ring climate archive may then provide unique 
information about regions that are sensitive to rapid climate change in the 
future. 



9 

The Environmental and Climate Record in 
Polar Ice Cores 

Hubertus Fischer 

Summary. The continental ice sheets of both polar regions form one of the most 
important natural archives for paleoclimatic as well as paleoatmospheric research. 
Ice cores provide unique high-resolution information not only on temperature and 
precipitation rate but also on atmospheric circulation and the composition of the 
atmosphere in the past. The long-term records of all these parameters complement 
each other and allow to draw a comprehensive picture of past changes in the climate 
system. The time scales which can be investigated on polar ice cores range from 
seasonal variations, anthropogenic trends during the late Holocene, rapid climate 
variations during the last ice age up to long-term climate variations connected to 
the last four glacial/interglacial cycles. In this review the fundamental glaciological, 
physical and biogeochemical background necessary for the interpretation of ice core 
proxy records is summarized and the most important results gained from ice core 
studies during the last decades are presented. 

9.1 Introduction 

The cryosphere plays a key role in the earth climate system acting essentially 
in two different ways. On one hand the high albedo of ice and snow covered 
areas exerts a pronounced effect on the radiative balance of the earth. Addi
tionally, glaciers and ice sheets are the most important transient freshwater 
reservoirs in the global hydrological cycle and determine long-term sea-level 
changes. For instance the build-up of the Laurentide and Fennoscandian ice 
sheets during the Last Glacial Maximum (LGM) led to a sea level lowering of 
approximately 120 m [293]. In return a complete melting of the recent Antarc
tic and Greenland ice sheets would cause a sea level rise of 61 m and 7 m, 
respectively [494]. On the other hand with polar ice sheets being built from 
a stratigraphically ordered sequence of single snow fall events they represent 
an important passive recorder of climatic and environmental conditions. 

In contrast to most other natural climate archives, ice cores retrieved from 
polar ice sheets combine a relatively large temporal coverage with very high, 
in many instances even seasonal resolution. The longest published ice core 
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record to date [816] has been drilled at Vostok on the East Antarctic Plateau 
and covers the last app. 400,000 years. The ice cores from the central Green
land summit (Greenland Ice core Project (GRIP) and Greenland Ice Sheet 
Program 2 (GISP2)) as well as the currently drilled ice core at North GRIP 
provide undisturbed climate records for the northern hemisphere of more than 
100,000 years. Unfortunately, deep ice cores are only available from the polar 
regions (see Fig. 9.1), thus, the climatic information gained from ice cores is 
systematically biased towards high latitudes. 

Fig. 9.1. Geographical location of major circumpolar ice core drill sites 

The information gained from ice cores can be divided essentially by the 
three major subarchives: 

• The ice matrix itself providing crystallographic and glaciometeorological 
(stable water isotopes, snow accumulation) parameters about the history of 
the ice sheet, local temperatures and precipitation rates as well as climate 
conditions in the source area of the water vapor. 

• Chemical tracers dissolved in the ice, originating from aerosols and reactive 
trace gases in the atmosphere, which are subject to long-range air mass 
transport and are deposited on the ice. 

• Air bubbles in the ice, which have been enclosed during the firnification 
process and which represent the only direct paleoatmospheric archive on 
earth. 

This review presents the basic concepts of these subarchives, their advantages 
and drawbacks as well as the most important results. The records shown 
represent a subjective selection while other parameters (as e.g., ice crystal 
structure, radioisotopes or insoluble particles in the ice) have also contributed 
to our understanding of past climate changes but will not be discussed here. 
Section 9.2 will introduce the fundamental glaciological background on which 
ice core studies are based. Section 9.3 deals with the isotopic system of the 
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hydrological cycle and its imprint in snow and ice while Sect. 9.4 will present 
sources, transport and deposition of aerosol species onto the ice sheets. Finally, 
Sect. 9.5 will introduce the special features of the gas archive in polar ice 
cores, which have to be considered for an unambiguous interpretation of these 
records. The biogeochemical cycles connected to the major air components 
investigated in polar ice cores will be presented as well as the major results 
of these studies. 

9.2 Glaciological Background 

Glaciers and ice sheets are fed by snow fall (snow accumulation A) and loose 
mass (ablation B) either by melting in the peripheral areas of the glacier or 
by calving of icebergs at the ice edges. A measure of the net mass change 
at any point on a glacier is the mass balance M = A - B. All points with 
negative mass balance define the ablation area while those with positive mass 
balance contribute to the accumulation area (see Fig. 9.2). 

typica l for 

Greenland Antarctica 
Summit 

Fig. 9.2. Cross section through a polar ice sheet. The left side is representative 
for Greenland conditions (with ablation largely via melting) while the right side 
reflects Antarctica (ice loss by ice berg calving) . White lines indicate flow paths of 
individual ice particles through the ice sheet and the thinning of annual layers with 
depth. 

By definition, build up of an ice archive is only possible in the accumulation 
area. In this area certain snow regions dependent on the extent of seasonal 
melting are distinguished. The dry snow zone, where no melting is encountered 
at all and disturbances of the ordered stratigraphy of precipitation events can 
be essentially neglected, provides the best conditions for ice core studies. This 
snow zone requires temperatures below the freezing point throughout the year, 
which is equivalent to average annual temperatures below about -25°C. In 
Antarctica essentially the complete ice sheet belongs to the dry snow zone 
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while in Greenland this region is confined to altitudes higher than app. 2000m 
a.s.l. 

After each precipitation event the fresh snow is subject to substantial 
changes in crystal structure and density. This firnification process proceeds 
down to a depth of 60-100m, depending on temperature and annual snow 
accumulation. Fresh snow has a typical density of 50. to 200 kg/m3 , which 
rapidly increases due to recrystallization and compaction in the top 10 m of 
the firn column where a density of 550 kg/m3 is reached. From this point on 
the density can be increased by sintering. During these processes the pore 
space between the ice crystals is still interconnected and air can be trans
ported through the fun column by advection and diffusion. When reaching a 
density of about 810kg/m3 at around 70m depths the first air bubbles are 
occluded from the pore space and air transport is suppressed. This enclosure 
process continues until a density of 840 kg/m3 is reached where all bubbles are 
occluded. Further densification is achieved by compression of the air bubbles 
due to the increasing hydrostatic pressure with depth. The final density of 
clear glacier ice is 917 kg/m3 • 

Solid glacier ice is a plastic medium and, therefore, subject to glacier flow. 
As shown in Fig. 9.2 this results in vertical and lateral displacement of an 
ice parcel. A snow flake deposited and buried in the accumulation area will 
finally reemerge in the ablation area and leave the glacier by run off or calving. 
Plasticity leads also to a substantial thinning of annual layers with depth (as 
indicated in Fig. 9.2) which has to be taken into account when dating an ice 
core. 

Accurate dating is a crucial point when comparing ice cores with other 
natural climate archives: 

1. Stratigraphic dating can be achieved by counting annual cycles in sea
sonal varying tracers such as density, electro conductivity, water isotopes or 
concentrations of chemical tracers in the ice. The established depth/age rela
tionship is also the base for the determination of the annual layer thickness. 
Density and electroconductivity measurements on ice cores show often equiv
ocal seasonal signals. Distinct annual cycles in water isotopes (see Sect. 9.3) 
in the top of the fun column are subject to substantial smoothing by wa
ter diffusion in the firn and ice which limits this technique to the upper ten 
to some hundred meters dependent on the snow accumulation. Conservative 
chemical species in the ice such as sulfate or calcium are not subject to dif
fusional smoothing. The decreasing layer thickness with depth sets an upper 
limit to this dating technique depending on the maximum resolution which 
can be achieved by the technique employed for chemical analysis. A recently 
developed continuous flow analysis (CFA) [899] has a maximum resolution of 
about 1 em water equivalent (WE), which enables layer counting for the last 
10,000 years at ice core locations with snow accumulation rates as low as 5 cm 
WE/yr, which applies allover Greenland and also in large areas of Antarctica. 

2. In order to warrant an absolute age scale time markers are very im
portant as age controls. Such markers are provided by pronounced peaks in 
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the electroconductivity and sulfate records, reflecting sulfuric acid deposition 
connected to major volcanic eruptions (see also Fig. 9.9). Historically docu
mented eruptions, however, are limited to the last few thousand years with 
decreasing number and dating accuracy of listed events for older ages [972]. 
In general the ice core dating accuracy achievable by the combination of vol
cano identification and annual layer counting is a few to some tens of years. 
For recent decades, the anthropogenic input of radioisotopes such as 137 Cs or 
3H into the atmosphere by nuclear weapon tests (with a peak in 1954 and 
1963) or the Tchernobyl accident in 1986 can be used for dating purposes. 
Further time markers for older ages are provided by distinct horizons in lOBe. 
Extreme lOBe activities in the ice reflect strong anomalies in the magnetic 
field of the earth, which modulate lOBe production and which may be found 
in other climate archives as well. 

3. Long-term dating of ice cores by radioisotopic clocks has not been ac
complished so far. Accordingly, the depth/age relationship for deep ice cores 
is based on flow models, which are also crucial to reconstruct annual accumu
lation rates from annual layer thicknesses. The easiest approach for ice core 
dating assumes a linear decline in the annual layer thickness with depth. This 
assumption leads to the Nye formula 

H z 
t(z) = --In

A H 
(9.1) 

with H the total thickness of the ice sheet. A more realistic assumption of 
the thinning rate with depth leads to the more complex Dansgaard-Johnsen 
formulas which show larger ages at the same depth than the Nye formula (for 
details see [804]). While simple flow models provide independent depth/age 
relationships their absolute error is on the order of 5%, e.g. for the 400,000 
year long Vostok ice core an error of up to 20,000 yrs is possible for the deepest 
ice. Furthermore, for symmetry reasons such simple flow models can only be 
deployed on the ice divide, while flow modelling in the outflow areas is more 
complex. 

4. Dependent dating can be achieved by wiggle matching with other nat
ural archives such as marine sediments. Such correlation techniques invoke a 
systematic coupling of both climate archives, hence, a fixed phase relationship 
between the records, which in most cases can not be assumed with certainty. 
Only in the case of rapid climate changes (acting on time scales of decades) 
a shift not larger than the time scale of the climate event may be reasonably 
assumed. More straightforward is the consistent synchronization of different 
ice cores using atmospheric tracers such as CH4 and 8180 2 (see below) which 
have an atmospheric lifetime much longer than the atmospheric mixing time 
and, accordingly, can be regarded as a global signal. However, when using such 
synchronization techniques the age difference between ice and air bubbles at 
a given depth has to be taken into account (see Sect. 9.4). 
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9.3 The Isotope Thermometer of the Ice Matrix 

9.3.1 Isotopic Changes During Evaporation and Condensation 

Water on the globe occurs mainly in the form of the water isotopes H2 160, 
H/8 0, HDO (D referring to deuterium). The average relative abundances 
of these isotopes are 100000:2000:320 and reflect essentially those of the well 
mixed ocean. However, during evaporation and condensation slight deviations 
of the isotopic ratios R from this average occur. The size of this effect is 
quantified by the fractionation factor a = RliqUid/ RvapoT' The isotopic ratio 
of some water sample is given relative to a defined Standard Mean Ocean 
Water (SMOW) in the delta-notation according to 

R18 RD 
818 0 = - 1 and 8D = D - 1 in %0 (9.2) 

R1~ow RSMOW 

with Rand R SMOW being the isotopic ratios of the sample and that of Stan
dard Mean Ocean Water, respectively. 

Two major isotopic fractionation processes are distinguished. Equilibrium 
fractionation takes place whenever condensation and evaporation occurs due 
to the different water vapor saturation pressure of the heavier and lighter iso
topes. After evaporation the water vapor is isotopically lighter (i.e. depleted 
in 180) than the ocean. In return, condensation of water vapor leads to an 
enrichment of the heavier isotope in the condensate. Due to the different tem
perature dependence of the saturation vapor pressure for each isotope, this 
fractionation is also a function of temperature. At room temperature the ratio 
between 8D and 818 0 of water fractionated in equilibrium is approximately 8, 
with somewhat higher values for lower temperatures and vice versa. For a 
given air parcel successive removal of water vapor by condensation and pre
cipitation leads to a progressive depletion of the water vapor and in course 
also of the precipitate. This is called a Rayleigh destillation process which is 
depicted in Fig. 9.3 (for details see [215)). In summary the delta value of a 
given precipitate during this process is dependent to first order on the tem
perature difference between the location of evaporation of the water vapor 
(some place over the ocean) and the site of condensation (somewhere close to 
the ice core location). 

In addition a kinetic fractionation occurs. In case of a super- or under
saturation of water vapor relative to liquid water or ice, diffusion of water 
vapor molecules occurs. The diffusion coefficient of water isotopes is higher 
for lighter molecules, which leads to an isotopic fractionation effect connected 
to the different diffusive flux. Such an effect occurs at the sea surface where rel
ative humidities are at around 80%, leading to further depletion of the heavier 
isotope in the water vapor in addition to the equilibrium fractionation. The 
ratio between 8D and 818 0 for kinetic fractionation is approximately 2, i.e. 
significantly lower than for the equilibrium fractionation. Thus in a 8D /818 0 
diagram as depicted in Fig. 9.4 water subject to kinetic fractionation deviates 
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Fig. 9.3. Schematics of the isotopic history of water vapor during the transport from 
its source region to the ice sheet. Cooling of the air mass results in condensation of 
water vapor and loss by precipitation. In the course of this process the air mass and 
precipitation becomes progressively depleted in the heavier isotope. (a) represents 
the conditions in summer time, (b) in wintertime showing isotopically lighter snow 
fall over the ice sheet in winter. 

from a line of slope 8. Accordingly, the deuterium excess d of a water sample, 
formally derived by 

(9.3) 

is a measure of the kinetic fractionation process. With d being mainly de
pendent on temperature [504], relative humidity and to a smaller extent on 
wind speed, the deuterium excess provides an unique ice core parameter for 
the evaporation conditions in the source area of the water vapor, hence far 
away from the ice core location itself. During condensation usually no super
saturation occurs, except for very low temperatures « -30°C) when both 
liquid and solid water are found in the cloud. In this case water vapor is 
supersaturated with respect to ice and kinetic fractionation due to diffusion 
occurs. In contrast to equilibrium fractionation during condensation, this ki
netic fractionation leads to a further depletion of the heavier isotope in the 
precipitate. 
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Fig. 9.4. 818 0/8D diagram of the isotopic fractionation of ocean water during 
evaporation and condensation. The water starts at a 818 0 and 8D signature repre
sentative of the ocean (SMOW) and is fractionated in equilibrium (line with slope 
s = 8.0) . Additionally kinetic fractionation occurs leading to a fractionation with 
slope = 2.0_ During consecutive condensation in equilibrium the water is fractionated 
along a line with slope s = 8.0. 

9.3.2 Isotope Temperature Records in Ice Cores 

Geographical variations 

As air masses cool when transported over the ice sheet (as illustrated in 
Fig. 9.3) the snow formed becomes progressively isotopically lighter, which 
is directly imprinted in the geographical distribution of average 0180 and oD 
in the ice cores. When compared with the average annual surface air tempera
ture, a close linear relationship emerges. For example in the case of Greenland 
(see Fig. 9.5), where cooling ofthe air mass takes place (moist) adiabiatically, 
the 0180/T-gradient is 0.64%o;oC [308], [504], [947] . Somewhat higher gradi
ents are encountered on the Antarctic ice sheet (oD / T ~ 9%o;oC equivalent to 
0180/ T ~ 1.1 %o;oC [516]) and the Antarctic ice shelves (0180/ T ~ 1.3%orC 
[393]), where isobaric cooling takes place. 

Seasonal variation 

As can be seen in Fig. 9.3 the temperature change does not only lead to 
spatial 018 0 variations but also to a pronounced seasonal cycle in the isotopic 
composition of the precipitation over the ice sheet. This is mainly due to 
the much stronger seasonal temperature amplitude over the ice sheets (on 
the order of 30-40°C) compared to that of the water vapor source regions 
(only a few degrees) . This results in a seasonal variation of the temperature 
difference between ocean and ice sheet, which is strongly imprinted in the 
isotopic signature. Note however, that the seasonal amplitude in 0180 and oD 
in ice cores is strongly diminished with depths due to diffusional smoothing. 

Temporal variations 
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Fig. 9.5. Spatial dependence of average annual 818 0 in shallow firn cores vs average 
annual fun temperature (measured at 15 m depths), revealing a spatial 8180/T 
gradient of 0.64%orC [308]. 

High-resolution isotope temperature records have been deduced from various 
ice cores from the Antarctic and Greenland ice sheets_ For a long time the 
spatial isotope/temperature relationship has been applied to calibrate long
term temporal variations in 8180 in deep ice cores, assuming that atmospheric 
circulation patterns and the seasonal distribution of precipitation have not 
changed during time. Only recently the remnant temperature anomaly of the 
last ice age, which has not been dissipated totally, has been measured in 
Greenland ice core boreholes [173], [214]. Comparison with the isotope record 
showed that the temperature variations were about twice as expected from 
the spatial isotope temperature calibration. GCM Model studies by Werner 
et al. [1152] show that a shift in the seasonal distribution of snow fall may 
explain most of this effect. In the case of Antarctica, model results show that 
the spatial 8D / T gradient is more reliable than for Greenland [515] and may 
be applied to calibrate the isotope thermometer. In summary, the isotope 
thermometer in Greenland lacks at the moment a quantitative calibration 
on glacial/interglacial timescales, however, qualitative conclusions can still 
be drawn. During the Holocene, however, where seasonality of precipitation 
and circulation patterns have not changed significantly, the spatial calibration 
should be still applicable. 

The longest isotope temperature record available from Antarctica is the Vos
tok record (app. 420.000 yrs [816]) covering the last four glacial/interglacial 
cycles (see Fig. 9.6). Applying the spatial 8D / T gradient on the Vostok record 
implies a 8°C warming during glacial/interglacial transitions. In addition to 
this strong 100,000 yr cycle, which can be related to changes in the eccentric
ity of the earth orbit around the sun, significant variations on the order of 2° C 
can be found at a period of 40,000 yrs, which can be attributed to variations in 
the obliquity (tilt of the earth axis relative to the orbital plane)_ A periodicity 
at around 20,000 yrs, as expected from the precession of the earth axis, cannot 
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Fig. 9.6. Climate and environmental records in the Vostok ice core, Antarctica, 
over the last 400,000 yrs [816]. From top to bottom: isotope temperature information, 
particulate dust concentration and sea salt (Na+) concentration in the ice as well 
as carbon dioxide concentration and isotopic signature of 02 in bubble enclosures. 

be clearly found in the Vostok record, which however is at least partly due 
to the dating errors of 5-20,000 yrs using flow model results. The long-term 
temperature variations found during Marine Isotope Stage (MIS) 3 in the 
Vostok record are essentially found in all other Antarctic ice core records but 
also in sea sediment records from the South Atlantic [154], showing that these 
records are essentially representative for the Southern Ocean and Antarctic 
region. 

The ice core records from central Greenland [401], [503] show quite a dif
ferent temporal evolution of temperature over the last glacial cycle (see Figs. 
9.7 and 9.8). Due to the pending calibration problem for 8180 records in 
Greenland no absolute temperature changes are given in Fig. 9.7. Qualita
tive interpretation points to a long-term warming during the transition with 
the B011ingj Aller0d-Younger Dryas oscillation superimposed on. Striking is 
the rate of warming during this oscillation, which occurs only in a couple of 
decades. Similar features regularly occured during MIS 3 with a weak peri
odicity of around 1500 yrs [13]. These Dansgaard-Oeschger events are char
acterized by a rapid warming in a few decades followed by a gradual cooling 
in the following centuries. Subsequently, these events have also been found 
in North Atlantic sea sediment records [87], [712]. This strongly corroborates 
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Fig. 9.7. Climate and environmental records in the GISP2 ice core, Central Green
land, over the last 100,000 yrs [401]' [701]. From top to bottom: isotope temperature 
information, mineral dust concentration (represented by dissolved Ca2+) and sea 
salt (Na+) concentration in the ice. 

the significance of these records at least for the Northern Atlantic region and 
lead to the hypothesis that these variations are linked to a modulation of deep 
water formation in the North Atlantic, thus, oceanic heat transport from the 
tropics to high latitude regions in the North. 

Synchronization of Greenland and Antarctic ice core records by Blunier 
et al. [84] and Blunier and Brook [83] using methane ice core records, showed 
that the major Dansgaard-Oeschger warmings and the warming following the 
Younger Dryas in the Greenland records are preceded by a slower warming in 
the South, probably due to decreased oceanic heat export from the South dur
ing cold conditions (See Fig. 9.8). Only when heat flow resumes by initiation 
of deep water formation in the North Atlantic, this area is subject to rapid 
warming while at the same time Antarctic temperatures slowly decline. This 
picture also applies for the B0lling/ Aller0d-Younger Dryas Oscillation, how
ever there exists one Antarctic ice core record which deviates from this phase 
relationship. During the last glacial/interglacial transition the ice core record 
from Taylor Dome shows a warming coherent to the Greenland records, while 
during MIS 3 this record is in line with other Antarctic records. Whether this 
feature is due to dating problems with the Taylor Dome record or reflects some 
heterogeneity in the Southern hemisphere climate patterns is still a matter if 
vigorous debate. 

In contrast to the last glacial, the Holocene is characterized by rather stable 
climate conditions in Greenland. Only at around 8.2 kyrs BP, a rapid cool-
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Fig. 9.8. Methane synchronization of climate records from Greenland (GRIP) and 
Antarctica (Byrd) [84]. The response of CH4 on rapid climate changes is imprinted 
simultaneously in both hemispheres due to the long atmospheric residence time of 
CH4. Cross correlation leads to a common time scale showing a significant phase 
shift of climate variations in both hemispheres for major warming events. 

ing occurred, which is attributed to melt water input into the North Atlantic 
resulting in substantial reduction of deep water formation [40]. Nevertheless, 
there exist small but significant climate variations in Greenland late Holocene 
records, which may have had significant effects for agriculture and settlement 
in the North Atlantic region [218]. During the last millenium four major cool
ing periods can be identified in the 14th, 15th, 17th and the first half of the 
19th century (see Fig. 9.9) reflecting Little Ice Age (LlA) conditions on the 
Greenland ice sheet [309], [947]. Using the recent spatial 0180/T gradient, 
these 0180 minima reflect an average cooling on the order of 1 cC. Note here, 
that the term LIA is only representative of a long-term period of general 
glacier advance in alpine regions during the late Holocene while the temporal 
patterns of cooling vary from one location on the northern hemisphere to the 
other [402]. 

For the deuterium excess d only one continuous time series exists to date 
covering the last glacial cycle in the Vostok record. This record shows a signif
icant phase shift of d compared to oD but a strong coherence with obliquity. 
An increase in obliquity enhances the insolation in high latitudes while simul
taneously decreasing it in lower latitudes. Thus, the latitudinal temperature 
difference which is driving meridional circulation should have been reduced. 
From this point of view a higher contribution of water vapor from higher 
latitudes, i.e. lower evaporation temperatures (lower deuterium excess), to 
the precipitation at Vostok at times of higher obliquity can reasonably be 
explained [1099]. 
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Fig. 9.9. Climate and environmental records in northern Greenland ice cores over 
the last 1000 yrs [311], [947]. Top: Isotope temperature variations: The thin line rep
resents a stack of five ice cores from northern Greenland together with their stacked 
long-term trend (thick line) and its standard deviation (shaded area). The dashed 
line represents the long-term trend of one of these cores which extends down to 1000 
AD. Bottom: Sulfate concentration in one of these cores covering the last 600 yrs. 
Besides the anthropogenic increase in the course of the 20th century, extraordinary 
volcanic peaks are revealed. 

9.4 Chemical Composition of the Ice 

9.4.1 Physics and Chemistry of the Atmospheric Aerosol 

Various soluble and insoluble particles on the size of less than a tenth to 
a few !lm are suspended in the atmosphere were they are subject to long
range transport and thus act as tracer for atmospheric circulation. Depending 
on the location in the atmosphere the aerosol body widely differs in its size 
distribution and chemical composition. For the polar ice sheets, which are 
virtually free of any aerosol sources, the aerosol body is characterized by 
an aged aerosol, where very small particles « 0.1 !lm), which are produced 
by gas to particle conversion in the atmosphere, have largely disappeared 
due to coagulation. On the other end of the size spectrum very large and 
heavy particles (> 1 !lm) produced by dispersion of crustal material and sea 
water have been lost from the aerosol body mainly by sedimentation. The 
resulting aerosol in the accumulation mode (with a size of a few tenths of a 
!l m) has an atmospheric residence time of a few days, which is mainly limited 
by scavenging of the aerosol by rain drops or snow flakes in and below the 
clouds and subsequent wet deposition onto the ground. In areas on the ice 
sheets with low accumulation rates, also dry deposition of the aerosol onto 
the ground becomes important. In summary the total average deposition flux 
Jtot = CiceA (with C ice being the average ice concentration measured and A 

the average accumulation rate) is determined by the average dry deposition 
flux Jdry and wet deposition flux Jwet according to 
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(9.4) 

where the dry deposition flux is independent of the snow accumulation, while 
the wet deposition flux is to first order proportional to A and an average fresh 
snow concentration C fresh snow' Accordingly, the ice concentration of an aerosol 
decreases with higher snow accumulation due to dilution of dry deposited 
aerosol by snow accumulation [71], [310]. This effect has to be kept in mind 
when comparing ice core concentrations from different drill sites or long-term 
record subject to accumulation changes. 

The polar aerosol body is dominated by 3-4 main aerosol sources, as re
flected in its chemical composition: 

1. Sea salt aerosol is injected into the atmosphere at the sea surface by 
bursting of small air bubbles or by dispersion of sea spray: The smaller sea 
salt particles can reach higher altitudes in the atmosphere where they are 
transported over long distances. Sea salt aerosol is chemically characterized 
by CI- and N a + and to a smaller extent by SO 4 2-, Mg2+, Ca2+ and K+ 
reflecting the respective ion concentrations in sea water of app. 193.4, 107.7, 
27.1, 12.9, 4.1 and 4.0mg/kg, respectively. Using Na+ as sea salt reference 
species for polar regions, the sea salt contribution to the other ion species 
can be subtracted to obtain non sea salt (nss) concentrations in ice cores. For 
example in the case of the non sea salt contribution to total sulfate: 

lnssSO~J = SO~ - 0.252lNa+J (9.5) 

2. Mineral dust aerosol which is produced by dispersion of crustal material 
mainly in arid regions as e.g. the Sahara or the Asian desert regions: High 
wind speeds are able to lift mineral dust to high altitudes where it is efficiently 
transported over long distances. The chemical composition of crustal material 
is dominated by Si and AI, which are highly insoluble and therefore difficult 
to measure in ice core samples. For convenience, nss Ca2+, which originates 
from soluble CaC03, can be easily measured by ion chromatography and is 
often used as (semiquantitative) tracer for mineral dust concentrations in ice 
cores. 

3. Terrestrial and marine biogenic source: Dimethylsulfide (DMS) pro
duced during algae blooms is photooxidized to Methane Sulfonic Acid (MSA) 
and S02' the latter being consecutively oxidized to produce H2S04, MSA and 
nss SO 42- can be quantitatively determined in ice cores, providing a tracer for 
marine biogenic sulfur. Similarly, NH4 + can be regarded as tracer for biogenic 
nitrogen: Microbial activity in soils during mineralization of organic nitrogen 
leads to the emission of NH3 which can react with acidic aerosol in the atmo
sphere to form NH4 +. Additionally, in the plumes of biomass burning events 
large concentrations of NH4 + and NOx have been detected. 

4. Anthropogenic sources which nowadays dominate the background aerosol 
on the northern hemisphere: The main anthropogenic emissions originate from 
fossil fuel combustion, producing huge quantities of S02 and NOx ' These com-
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pounds are photooxidized in the atmosphere to form H2S04 and HN03 • Sul
furic acid is highly water soluble and is efficiently deposited onto the ice sheet. 
Gaseous HN03 is also water soluble, however, also dry deposition of gaseous 
HN03 onto the snow surface is very efficient. Besides the dominating anthro
pogenic source of S02 and NOx ' the first species is also of marine biogenic 
origin (see above) and is emitted episodically during volcanic eruptions. In ad
dition to the anthropogenic source NOx is produced during lightning activity, 
biomass burning and soil exhalation, which all contribute to the preindustrial 
level of nitrate in snow and ice. 

After deposition N03 - can be reevaporated from the snow surface as gaseous 
HN03 or can be destroyed by photolysis. In both cases a net loss of N03 -

is observed [310], [900] which further complicates the interpretation of this 
species. Also in the case of MSA a net loss has recently been observed [384]. 
In addition, MSA has been observed [729] to migrate in the fun, leading to a 
smoothing of the record and artificial phase shifts in the seasonal variation. 

In summary, the interpretation of chemical ice core concentrations depends 
on a complex sequence of processes such as aerosol production, physical and 
chemical alteration in the atmosphere, long-range transport, deposition and 
postdepositional changes, which may all have varied over time. Accordingly, 
a quantitative interpretation of chemical ice core records requires knowledge 
covering each individual step in this sequence and has not been accomplished 
yet. However, semiquantitative information has been successfully gained from 
ice core records and added substantially to the understanding of atmospheric 
changes during climate variations. 

9.4.2 Aerosol Records in Ice Cores 

Geographical variations 

Spatial variations in ice core concentrations are influenced by absolute changes 
in the atmospheric concentration but also in changes of snow accumulation 
or a more efficient aerosol scavenging. In the case of Greenland sulfate con
centrations, a significant increase going from south to north is revealed. This 
can be largely attributed to the accompanying decrease in snow accumulation 
leading [310] to less dilution of dry deposited sulfate aerosol (see above). In 
the case of sea salt aerosol an exponential decline of the snow concentration 
with altitude is found, which points to a net change in atmospheric concentra
tion. Such an exponential decline can be expected considering that the local 
source of sea salt aerosol is the open water surface surrounding the ice sheet. 

Seasonal variations 

Besides providing the best parameters for stratigraphic dating of ice cores, 
seasonal cycles in chemical ice parameters give information about seasonal 
variations in the strength of the aerosol sources and transport efficiency, hence 
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atmospheric circulation. E.g. on the Greenland ice sheet biogenic sulfur and ni
trogen species show maximum concentrations in summer, reflecting the higher 
biological activity during this season. Sea salt aerosol shows a maximum in 
winter reflecting the higher storm activity in this season. Again, anthropogeni
cally dominated SO 4 2- and continental dust shows maximum concentrations 
in spring, when the southward shift of the polar front encloses continental ar
eas in middle latitudes and enhanced photooxidation rates after polar sunrise 
lead to efficient conversion of S02 to H2S04, In Antarctica a similar picture 
emerges for sea salt with higher concentrations in winter. However, due to a 
lack of anthropogenic pollution in Antarctica, SO 42- shows peak concentra
tions in summer when marine biogenic production in the Southern Ocean is 
at its maximum. 

Temporal variations 

Temporal variations of chemical concentrations in the preindustrial late 
Holocene are generally low. However a striking increase in S042- and N03 -

ice core concentrations can be found in the course of the last century (see 
Fig. 9.9), which unambiguously reflects the increase in fossil fuel combustion 
on the northern hemisphere during the last 150 years and is in close agree
ment with emission estimates from Eurasia in the second half of this century 
[311], [699]. In the 1970s maximum concentrations up to five times higher 
than the preindustrial level are found. As can be also seen in Fig. 9.9, SO 4 2-
concentrations started to decline significantly in the last decades. N03 - con
centrations started to rise as late as 1950 but show only a weak tendency to 
level out during recent years. In contrast to Greenland no clear evidence for 
an anthropogenic pollution has been detected in Antarctic snow and ice. 

Also no long-term trend can be found in Greenland ice core records in the 
course of the 20th century for natural aerosol species such as sea salt aerosol. 
However, this component shows significant interannual variability which can 
be connected to atmospheric circulation changes. Upscaling analyses based on 
correlation with meteorological reanalysis data revealed that sea salt aerosol 
is connected to the average atmospheric pressure over the eastern Pacific as 
well as to changes in the storm activity over the North Atlantic [307]. Also 
during the entire Holocene, sea salt concentration changes are rather low. 
In contrast, distinct variations in sea salt and mineral dust aerosol concentra
tions occurred during the glacial period. For instance, the Dansgaard-Oeschger 
events in Greenland (see Fig. 9.7) were accompanied by variations in aerosol 
concentrations by 1-2 orders of magnitude superimposed on an overall more 
than 10 times higher concentration level during the glacial compared to the 
Holocene [701]. The simultaneous response of both aerosol species, which 
have different sources, implies a substantial change in transport efficiency 
and, hence, meridional circulation of the northern hemisphere. This under
lines again the wide-ranging character of these climate events. 
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In Antarctica (Fig. 9.6) also a strong anticorrelation between aerosol con
centrations and Antarctic temperatures is revealed, pointing to higher trans
port efficiencies and/or higher aerosol production rates for colder climate con
ditions. Again, mineral dust shows higher amplitudes compared to sea salt 
aerosol, potentially reflecting a significant increase in aridity in the source re
gions of dust aerosol during cold conditions. A lower sea salt amplitude may 
also be caused by the increasing sea ice cover moving the sea salt source effec
tively away from the ice sheet compensating part of the increase in transport 
efficiency. 

9.5 Gases in Ice Core Bubble Enclosures 

9.5.1 Air enclosure process 

Air is enclosed in glacier ice during firnification, creating a unique archive 
of the paleoatmosphere. The firnification process, however, has a number of 
physical consequences on the gas archive, which have to be taken into account 
when interpreting ice core records: 

• Air can penetrate the top app. 60-100m of the firn by advection (upper 
to-20m) and molecular diffusion. Consequently, the age of the air in 100m 
depth is close to that of the atmosphere on top of the ice sheet while the ice 
itself is much older at this depth. This ice age/gas age difference (Llage) 
ranges from a few decades to up to several thousand years, depending on 
the local snow accumulation. The uncertainty of Llage, which is calculated 
using firnification models, ranges from a few tens to one thousand years. 

• The enclosure process of air bubbles occurs over a depth range of about 
10m. Therefore, some bubbles may be occluded long before others. The 
resulting age spread in a given air sample is on the order of decades to 
some hundred years depending on accumulation rate. 

• An in situ production of CO2 in carbonate-rich and acidic ice excludes 
Greenland ice core records from CO2 reconstructions. In Antarctic ice 
cores no such effect has been observed so far [859]. 

• Due to the diffusive transport of air molecules over major parts of the 
firn column, gravitational separation of gases with different masses occurs 
according to the barometric pressure formula. The concentration ratio R(z) 
of two gases of different mass (or the ratio of two isotopomeres of the same 
gas) is given by 

il.Mg 

R(z) =RoeR*T Z (9.6) 

with Ro representing the ratio in the free atmosphere, LlM the mass differ
ence of the two gas species, T the average temperature in the firn column, 
9 the gravitational acceleration and R* the general gas constant. This ef
fect leads to a negligible enrichment of only about 1 ppmv in 70 m depth 
for CO2 concentrations. However, if 813C02 is considered, the effect is on 
the order of a few tenths of a %0 and has to be corrected. 
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• Temperature gradients in the diffusional firn column create a fractionation 
by thermal diffusion, which enriches the lighter species at the warmer 
side. If To is the temperature at the top of the diffusive firn column, the 
concentration and isotope ratios can be described as 

R(z) = Ro (;~)) a (9.7) 

where a is a parameter specific for the pair of gases considered [960]. 
Thermal gradients are quickly dissipated in the firn column. Only climate 
variations which take place on time scales faster than a few decades (such 
as the Dansgaard-Oeschger events) create a significant thermal diffusion 
effect. This separation is stored in the air bubbles during the enclosure 
process and can be used for absolute temperature reconstructions. 

9.5.2 Biogeochemical Cycles of Trace Gas Species 

Among others, ice core studies of greenhouse gases such as CO2 and CH4 

provide valuable information about the climate system. Their biogeochemical 
cycles are closely connected to climate changes and in return these gases 
contribute to temperature variations by a change in the radiative balance of 
the earth. In addition their atmospheric residence time is long compared to 
the atmospheric mixing time, thus, ice core records can be regarded essentially 
as a global signal. 

Carbon dioxide 

In the case of CO2 , carbon is constantly exchanged between the reservoirs of 
the global carbon cycle. On timescales relevant for ice cores these reservoirs 
are the ocean (with a dissolved inorganic carbon (DIC) pool of 38,000 Gt C 
and a particulate and dissolved organic carbon pool of about 1,500 Gt C) [135], 
the terrestrial biosphere (about 2,000 Gt C comprising both living and dead 
organic matter) and the atmosphere (about 750 Gt C for recent conditions, 
equivalent to an atmospheric concentration of about 360ppmv). These three 
reservoirs exchange carbon by air/sea gas exchange, photosynthesis and respi
ration. Changes due to rock weathering are of minor importance on a timescale 
of ten thousand years but modulate the atmospheric CO2 level on geological 
timescales. Since the carbon isotopic compositions of the ocean (813 C (DIC) 
:::::: +2%0) and the terrestrial biosphere (813 C (organic matter) :::::: -25%0) are 
distinct, changes in the respective fluxes into or out of the atmosphere lead to 
an accompanying change in 813C02 of the atmosphere [735]. This parameter 
can be measured in ice core samples to determine the source of CO2 changes 
in the atmosphere. 

Methane 
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The major source of methane relevant on ice core timescales is microbial de
composition of organic carbon compounds under anaerobic conditions. This 
occurs mainly in tropical and high-latitude wetland regions. But also animals 
such as termites and ruminants produce significant amounts of methane. To 
these sources purely anthropogenic CH4 emissions are added from fossil fuel 
production, land fills and rice cultivation. Another recently discussed source 
of methane, which may be active during rapid climate changes, is the decom
position of methane hydrates either on the sea floor or in permafrost regions. 
The sink of methane in the atmosphere is the reaction with the OH radical, 
resulting in an atmospheric lifetime of CH4 of about 10 yrs. While recent CH4 

concentrations of about 1.7ppmv are only 0.5% of those of CO2 , methane is 
nevertheless an important greenhouse gas since every single CH4 molecule 
traps about 25 times more thermal radiation in the atmosphere than CO2 • 

Molecular Oxygen 

While the above mentioned greenhouse gases have an atmospheric lifetime of 
only a few years, the lifetime of the main air components N2 (about 107 yrs) 
and O2 (on the order of 1000 yrs) are much longer. Accordingly, concentra
tion changes in ice cores are absent for N2 or small for O2 and occur on much 
longer time scales. However, oxygen is intimately coupled to respiration and 
photosynthesis in plants which has a significant effect on the isotopic com
position of O2 in the atmosphere. Firstly, respiration prefers 160 over 180 
leading to an isotopic enrichment of the atmosphere. Secondly, the isotopic 
composition of oxygen produced during photosynthesis is determined by the 
oxygen isotopic composition of the water taken up by the plant. In marine 
environments this is the composition of sea water (8180 = 0%0) while in the 
terrestrial biosphere this is given by the isotopic signature of precipitation 
which is isotopically lighter (see Sect. 9.3). The sum of these processes (to
gether with a minor oxygen exchange process between CO2 and O2 in the 
stratosphere) is called Dole effect, which nowadays leads to a net enrichment 
of atmospheric oxygen of +23.5%0. Measurements of 8180 2 in ice cores may 
tell something about the temporal change in the various parameters governing 
the Dole effect. 

9.5.3 Paleoatmospheric Composition in Ice Cores 

Concentration changes in CO2 have been determined from Antarctic ice cores 
over a wide range of time scales (see Fig. 9.10). Major parts of the CO2 mea
surements of the anthropogenic increase from 280 ppmv 150 yrs ago to the 
recent level of more than 360ppmv are derived from ice cores [327], while 
only the last 40 yrs are covered by direct atmospheric measurements [525]. 
During the preindustrial Holocene CO2 decreased by a few ppmv in the first 
3-4000 yrs from an initial level of 270ppmv. Following, during the last 7000 
yrs CO2 increased gradually by 20 ppmv to the preindustrial level of 280 ppmv 
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(see Fig. 9.10). These variations were accompanied by significant changes in 
813 C which point to changes in the carbon storage of the terrestrial biosphere 
[492]. While this shows that the carbon cycle was not in equilibrium over the 
climatically rather stable period of the Holocene, one has to keep in mind that 
the rate of this change is two orders of magnitude smaller than for the recent 
anthropogenic increase. During the last glacial/interglacial transition CO2 in
creased within 10,000 years by about 100ppmv from a level of 180ppmv at 
the LGM. Again, this was connected to a change in 813 C which in this case 
can be attributed mainly to an oceanic source of the additional CO2 , During 
the LGM itself changes in the size of the terrestrial biosphere became more 
important again [973]. On even longer time scales CO2 varied between well 
defined bounds of 180 and 300 ppmv for glacial and interglacial conditions (see 
Fig. 9.6), respectively [816] . The changes are well correlated with Antarctic iso
tope temperatures, pointing to the Southern Ocean being the most important 
control for atmospheric CO2 [491]. However, a lag of CO2 of a few hundred 
years with respect to temperature is indicated by ice core results. This is in 
accordance with the average mixing time of the ocean which is necessary to 
obtain a new equilibrium between deep ocean and the atmosphere [312]. It 
is noteworthy to state here that no clear indications of Dansgaard-Oeschger 
events can be found in ice core CO2 results. 
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Fig. 9.10. Changes in the carbon cycle over the last 30,000 yrs as reflected in 
atmospheric C02. Top: Carbon isotopic signature of CO2. Bottom: C02 concentra
tion. All values prior to 1000 AD are measured on ice core air samples from the 
Taylor Dome ice core [312) , [492). Younger values are from the Law Dome ice core, 
Antarctica [327). 

In contrast, methane shows pronounced variations during these rapid cli
mate changes indicating higher methane production during warmer and wetter 
climate conditions (see Fig. 9.8). With respect to the location of the wetland 
methane sources in the tropics and high-latitudes this supports an at least 
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hemispheric extent of these climate events. These rapid methane variations 
are superimposed on a low methane level of about 35Q-400ppbv during the 
LGM (and previous glacial conditions). During the last glacial termination 
this level increased in line with northern hemispheric temperature changes, 
showing a distinct variation during the Younger Dryas [816], to an average 
Holocene level of app. 650ppbv. During the preindustrial Holocene significant 
CH4 concentration changes are found with a minimum during the climatic 
optimum 5-6000 yrs ago [152]. During the 20th century CH4 levels increased 
to more than 1700 ppbv, i.e. 250% of the average Holocene value. 

Also shown in Fig. 9.6 is the temporal variation of 8180 2 in the atmosphere, 
revealing a 1-1.5%0 variation with a period of about 23,000 yrs as related to 
the precession cycle of the earth. Most pronounced is the decrease during 
peak glacial conditions. This may be attributed to the change of 8180 in sea 
water due to the expansion of land ice masses, which causes an imprint on 
oxygen used during photosynthesis. However, the absolute size of the effect 
given above is much larger than the observed isotopic change in sea water, 
pointing to other parameters (as e.g., the biological productivity) affecting 
the temporal change in the Dole effect in parallel [680]. 

As discussed above, rapid climate changes lead to a thermal disequilib
rium of the firn column, hence, thermal diffusion. This effect can be easily 
detected in 815N2 in ice core gas samples covering Dansgaard-Oeschger events 
or the Younger Dryas-B0lling/Aller0d oscillation. Measurements by Severing
haus and Brook [959] and Lang et al. [585] indicate a 15°C warming in a few 
decades following the Younger Dryas and accompanying Dansgaard-Oeschger 
event 19, respectively. 

9.6 Outlook 

The existing deep and intermediate ice cores from Greenland and Antarctica 
have provided a wealth of information on past changes in climatic and envi
ronmental parameters, but have raised as many new questions to be answered. 
One of the important questions is the origin of long-term and rapid climate 
variations and the coupling of these changes between the two hemispheres. In 
order to answer this question, two deep ice cores are currently drilled in the 
framework ofthe "European Project for Ice Coring In Antarctica" (EPICA). 
First results show that the EPICA drilling at Dome Concordia has already 
exceeded an age of 500,000 years. The second drilling in Dronning Maud Land, 
in the Atlantic sector of East Antarctica, has started 2001/02 and will provide 
a direct southern hemispheric counterpart of the Greenland records. This site 
was selected to be especially suited to study the coupling of the northern and 
southern hemisphere, where the thermohaline circulation across the Atlantic 
plays a crucial role. Furthermore, efforts to access ice core archives in lower 
latitudes [1062], [1122] will be resumed. These and previous ice core records 
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will be compared to other climate archives and atmospheric models to gain 
authoritative interpretation of changes in the climate system of the earth. 

Additionally new frontiers in ice core research are crossed by studying new 
parameters as e.g. the deuterium excess, isotopic composition of trace gases 
(allowing for a source attribution of observed changes) as well as the paleo
biological information archived in the ice. Using new analytical techniques, 
higher temporal resolution can be achieved to study the phase relationship, 
hence, the coupling of atmospheriC parameters in more detail. 

Finally, although being still far from realization, first plans for glaciological 
studies on Mars have been made. In this respect automated ice core drilling 
probes have been tested (with limited success) on the Greenland ice sheet 
and modelling studies of the build up and glacier flow of the Martian carbon 
dioxide ice cap are currently in progress. 
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Summary. This chapter describes a newly developed approach for extracting the 
climate signal from proxy records, termed DATUN (Data Assimilation Through 
Upscaling and Nudging). 

The first half of the paper describes the development of an estimate of the 
strength of the Austral Summer Antarctic Oscillation using station sea level pres
sure records for the period 1878-1985, the first to our knowledge. To extend this 
record further back, a estimate using tree-ring chronologies back to 1743 has also 
been undertaken. Comparison of the two estimates shows moderate agreement on 
interannual and decadal timescales, but the comparison also points towards the 
inherent uncertainties of proxy-based climate reconstructions. 

The background to, and theory behind, assimilation of large-scale climate pat
terns in general circulation models using pattern nudging are then explained. First 
results of nudging towards prescribed states of the Arctic Oscillation are shown. 

10.1 Introduction 

The detection of climatic changes during the last century and their attribu
tion to increasing concentrations of atmospheric greenhouse gases and other 
anthropogenic activities requires a realistic estimation of the magnitude of 
natural climate variability on decadal and longer time scales. Instrumental 
measurements are too short for this purpose. One approach to obtain these 
estimates is to perform climate simulations with numerical climate models. 
The second approach is to derive empirically based estimates of climate vari
ability by analyzing time series from geochemical and biological archives that 
contain information about the past climate evolution. Both approaches are 
associated with considerable uncertainties. 

Our work aims at improving the methodology for extracting the climate 
signal from proxy records by combining the statistical analysis of proxy data 
with the numerical modelling of the ocean-atmosphere system. This newly 
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developed approach uses a General Circulation Model (GCM) to assimilate 
proxy data. Our goal is to obtain a physically consistent best guess for the 
large-scale states of the atmosphere during the Late Holocene with annual 
temporal resolution, as well as to obtain smaller scale information that is 
consistent with the large-scale variability. 

The DATUN method consists of two steps, the so-called upscaling step, 
which is a statistical estimation of the amplitudes of large-scale atmospheric 
anomaly patterns, followed by the assimilation of these patterns with a GCM. 
This chapter will describe concepts and first results of both steps. 

10.2 Upscaling 

10.2.1 General Concepts 

The reconstruction of past climate from proxy data includes the analysis of 
data from tree rings (e.g., [125]), ice cores (e.g., [309]) and corals [254]. To 
gain maximum insight into past climate variability, these records need to be 
integrated in a way that goes beyond a mere fragmentary comparison. A 
promising way to systematically combine the information from proxy records 
at multiple sites is the statistical reconstruction of climate anomalies on large
scale spatial scales. Such reconstructions are available for example for pressure 
patterns over Europe back to 1675 AD [665], [663], for high northern latitude 
summer temperatures back to 1400 AD [125], as well as for global mean surface 
temperature back to 1000 AD [688]. 

As will be discussed in more detail later, the DATUN method attempts to 
confine the large-scale circulation to estimates for the historical circulation. 
While estimates for the strength of the North Atlantic Oscillation, which cor
responds to the principal component (PC) of the first sea level pressure (SLP) 
EOF over the European/North-Atlantic sector, are available back to around 
1600 AD (e.g., [186], [665]) as far as we know no such estimates are available 
for extratropical SLP EOF1 on the Southern Hemisphere. The reconstruction 
of this so-called Antarctic Oscillation (AAO) is therefore a prerequisite for 
the DATUN method, as well as an interesting study of Southern Hemisphere 
climate variability. Such a reconstruction was compiled at the GKSS Research 
Centre within the KIHZ project [506] and is presented in this chapter. 

The Southern Hemisphere has the particular problem that there are only 
few long observational records. Thus reconstructions from proxy data can be 
of particular value, but obviously this very lack of data produces problems 
in finding sufficient data to produce, and evaluate, such reconstructions. A 
number of southern hemispheric circulation modes have been reconstructed 
using proxy data, for example the Trans-Polar Index [1098] and sea level 
pressure in the Tasman Sea area [220]. 

The AAO is a zonally symmetric flow pattern representing exchange of 
mass between the mid-latitudes near 45°S, and high-latitudes poleward of 
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600 S (e.g., [1057], [903], [1111]). Its index has been defined as the difference 
of zonal mean SLP between 400 S and 600S [386], or as the first PC of geopo
tential height (CPH) south of 200S [1057]. We define the AAO as the first 
SLP EOF for the domain 200S-600S, taken from the NCARjNCEP reanaly
sis (detrended), and the AAO index (AAOI) as the PC ofthis EOF. 

A reconstruction of the November, December, January (NDJ) (austral 
summer) AAOI, using principal component regression (PCR) between station 
SLP data and NCARjNCEP reanalysis data, and a second using tree ring 
chronologies from Argentina and New Zealand, is presented in Sect. 10.2.4. 
For the purpose of this work, reconstruction means the statistically optimal re
construction gained from the data used. The tree based reconstruction (TBR) 
can be considered as preliminary, although it shows realistic aspects, and the 
high fitting and validation correlations suggest that the station-based recon
struction (SBR) can be considered as relatively reliable. The quality of both 
reconstructions outside of the calibration period depends on whether the sta
tistical relationships derived during the calibration period hold true for the 
rest of the reconstruction period. This is particularly pertinent to the SBR, 
which is based on data predominantly from one centre of action, the relation
ships may be less stable than if it were based on information from several 
centres. This adds additional, but unquantifiable (outside of the calibration 
period), uncertainty to the SBR. 

10.2.2 Data and Methods 

10.2.2.1 NCAR/NCEP Data 

The SLP data were taken from the NCARjNCEP reanalysis [519], [539]. These 
were used because observational SLP data in the Southern Hemisphere are 
scarce. The reanalysis involves assimilation of surface, satellite, radiosonde and 
other observations of variables including pressure, temperature and humidity 
in a physically consistent way, using a global forecast model. The observa
tions entering the reanalysis include pressure, temperature and humidity (not 
precipitation) taken from radiosonde and satellite measurements and surface 
networks. 

It has been suggested that the NCEP JNCAR Southern Hemisphere SLP, 
for the region south of 45°S, contains spurious trends, with the largest trend 
near 65°S [459]. We have therefore designed our analysis in a way that we feel 
is robust against these trends in the NCEP data. Firstly the southern limit 
of the analysis domain was chosen to be 600S, to exclude the region of largest 
trends. Secondly, the data were linearly detrended at each gridpoint before 
analysis, in order to remove the influence of trends on the definition of the 
AAO pattern and its statistical relation to station records or chronologies. 
Note that the trends in the reconstruction are weighted means of the trends 
in the trees or in the stations, and are not directly influenced by trends in the 
NCEP data. 
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To make the computation less memory consuming, the NCEP data were 
regridded to a 5° x 5° latitude-longitude grid. Area weighting was also applied. 

10.2.2.2 Station Data 

Observed station SLP records were obtained from Phil Jones, Climatic Re
search Unit, UK, for South America, Australia, New Zealand, and Pacific and 
Atlantic Islands and Atolls [513], [508]. These data originate mostly from the 
World Weather Records and some earlier data from yearbooks from the UK 
National Meteorological Library at Bracknell. The homogeneity analyses of 
Jones [509] have been applied to these station data. Stations with data for 
the period since 1878 were used, a total of 28. To select those containing an 
AAO signal, the station data were correlated with the AAOI (see Sect. 10.2.3 
below for the exact definition). Stations were retained that were significantly 
correlated at the 5% level, a total of 10 (see Fig. 10.1 for locations). The 
regression coefficient for each station (Fig. 10.1) corresponds to the sign of 
the correlation. As may be expected, stations located within a centre of pos
itive (negative) AAO loadings are positively (negatively) correlated with the 
AAOI. 

10.2.2.3 Tree Ring Data 

Tree ring width chronologies with data to 1985 from Argentina, Chile, New 
Zealand and Tasmania were selected from the International Tree Ring Data 
Bank, together with further Argentinian chronologies kindly supplied by Ri
cardo Villalba. Ninety chronologies which cover the period from at least the 
mid-18th century to 1985 were selected for analysis. Tree-ring data from these 
regions have previously been shown to exhibit relationships with the large
scale atmospheric circulation [1098], [220]. 

As for the stations, a prefiltering was applied to select chronologies that 
were Significantly correlated at the 5% level with the NDJ AAOI over the 
period 194&-1985: seven chronologies from Argentina, and two from New 
Zealand were retained. To see if model fit was improved by using a different 
range of months, the pre-filtering was also undertaken for the DJF, DJFM and 
FM AAOI, however correlations were weaker and less stations selected. The 
locations of the selected stations are shown in Fig. 10.3. The first six chronolo
gies are located in Tierra del Fuego ([92], Boninsegna, ITRDB, Roig, ITRDB); 
the seventh in northern Patagonia [1096]. The two New Zealand chronologies 
were collected by Xiong and Palmer [1170] and D'Arrigo et al. [219]. Fig
ure 10.3 shows that all correlations are negative, except for Moa Park. The 
possible reasons for these relationships are explored in Sect. 10.2.4.2. 

The original chronologies have been standardized to account for the age
growth effect, that is (partly) as a tree ages the growth is dispersed around 
an increasing radius [189]. The standardization will have been done in dif
ferent ways for many of the chronologies. To ensure consistency between 
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chronologies, the raw ring width chronologies for the selected trees were re
standardized (by Connie Woodhouse, NOAA, Boulder), using a cubic spline 
2/3 of length of measurement series used, which is regarded as fairly conser
vative (Woodhouse, pers. COmffi.). This standardization places a limit to the 
low frequency variability that can be retained in tree ring chronologies, which 
is also dependent on the length of the segments making up the series [183]. 

Tree ring chronologies contain autocorrelation due to processes which are 
believed to be unrelated to climate, for example stand dynamics and phys
iological effects [188]. Thus autoregressive modelling has been used to re
move autocorrelation from the series, to produce so called whitened, or resid
ual, chronologies. A potential problem with this approach is that climate
induced low-frequency variability might be also removed. It will be shown in 
8ect. 10.2.4.2 that this is not the case. 

10.2.3 Method 

Multiple linear regression (e.g., [1110], [1160]) was applied to estimate the 
AAOI from the leading PCs of normalized tree-ring records or station obser
vations. This so-called principal component regression (PCR) was first used 
for climate reconstructions by Briffa et al. [122] to estimate the leading PCs 
of summer 8LP over England from tree-ring PCs, and has also been used 
to estimate drought indices from tree rings [188]; and to estimate the winter 
North Atlantic Oscillation Index from multiproxy data [186] and from early 
instrumental and documentary data [666]. 

For the purpose of model fitting we define the AAOI as the first PC of 
detrended NCEP NDJ 8LP for the domain 20°8-60°8, and the AAO pattern 
as the first empirical orthogonal function (EOF) of these data. The detrend
ing of the NCEP data ensures that neither the structure of our AAO pattern 
nor the statistical relation of its amplitude to the predictor variables is con
taminated by potential unrealistic trends in the NCEP data. Note that this 
AAOI, which has by definition no trend for the fitting period 1948--1985 and 
therefore most likely differs from the true, unknown AAOI (defined as the 
projection of perfect 8LP data onto the AAO pattern), is only used for model 
fitting. The trends in the reconstruction are weighted means of the trends in 
the chronologies or in the station data, which are influenced by the true AAOI 
trends, and are therefore not affected by trends in the NCEP data. 

The second field in our analysis is based on annually resolved tree records 
or NDJ seasonal means of the long station records. Again all records were 
detrended prior to analysis. In order to avoid overfitting, the tree and sta
tion records were pre-filtered using principal component analysis. The opti
mal number of PCs to be retained was determined based on the correlation 
between the reconstructed and the true AAOI in an independent validation 
period. For the stations (trees) three (four) PCs were retained. All EOFs and 
PCs were calculated with respect to the period 1948--1985, which is when the 
tree and NCEP data overlap. 



176 Julie M. Jones and Martin Widmann 

To obtain the reconstruction, the station or tree-ring width records were 
normalized by dividing by the standard deviation from the fitting period, and 
the PCs were calculated by projecting the normalized values on the EOFs 
defined in the fitting period. Multiplication of these PCs with the PCR weights 
derived from the fitting data yields the reconstruction, which can equivalently 
be expressed as a sum of weighted normalized station or tree records. These 
weights for the stations or trees are shown in the respective plots (Figs. 10.1 
and 10.3). They were obtained by multiplying the tree or station EOF loadings 
by the PC weights. 

An overall scaling factor for the AAO pattern and index can be arbitrarily 
chosen. Our normalization is such that the variance of the AAO index obtained 
from detrended NCEP seasonal means equals one for the period 1948-1985. 
The physical units are associated with the AAO pattern. Local SLP signals 
associated with a given AAOI can be obtained by multiplying the local AAO 
pattern loading with the AAOL 

As there is a relatively short overlap period of only 38 years (37 summers) 
(1948-1985) between the tree-ring records and the NCEP data, the model 
fitting was performed with respect to interannual variability. Calibration based 
on lower-frequency variability, although desirable, would not be robust due to 
the small number of independent time steps. The degree to which our model 
can estimate variability on longer times cales depends on the degree to which 
the statistical link between the AAO and proxy data is not strongly timescale
dependent. With respect to the TBR there is also the question of how the 
pre-processing of the tree-ring data affects the reconstruction. This issue will 
be discussed in Sect. 10.3.2. 

For independent validation of the reconstruction on annual and on longer 
time scales we did not want to withhold more than a few years, in order 
to keep the fitting period sufficiently long. Instead we use a cross validation 
procedure [722], [1160], [383], during which the available data are repeatedly 
divided into calibration and short validation datasets. We performed the PCR 
37 times, each time estimating a different year not included in the fitting data. 
These 37 individual years were then concatenated to produce a validation 
record. Using all data except the validation timestep for model fitting has been 
found to be problematic as, due to autocorrelation, the withheld data may 
not be independent from the data used to estimate the model [722]. However, 
Michaelson [722] found lag 1 autocorrelations of less than 0.25 to probably 
not have any measurable effect on estimates of forecast skill. Because the lag 
1 autocorrelations of the detrended data used for model fitting in our case are 
all less than 0.25 (the tree rings by construction, the station autocorrelations 
are 0.04-0.17, the NCEP AAOI autocorrelation is 0.14), we do not expect a 
substantial overestimation of model skill. Nevertheless, to be safe, we left out 
two years on either side of the validation year, so that the timestep which 
is reconstructed is practically uncorrelated with all timesteps used for model 
fitting. The final model used for producing the reconstructions was fitted using 
data for all 37 years. 
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The reliability of the reconstructions depends on the stability of the statis
tical relationship between local climate and the AAOI throughout the entire 
reconstruction period, this skill can not be directly quantified. Prior to the 
period that the relationships can be directly validated, instabilities can be 
caused by either changes in the response of the local data to the local climate, 
or by changes in the relationship between the local climate and the large-scale 
patterns that are reconstructed [186]. The first source of instability is of con
cern only for the TBR, since the response of tree growth to local climate may 
have changed, but not for the SBR, if we assume reasonably accurate mea
surements of the seasonal SLP mean for the whole record. The second source 
of instability applies to both reconstructions. 

The SBR will later be shown to be very close to the observed AAOI after 
1948. Despite the uncertainties in the SBR related to the fact that it is based 
mainly on data from one centre of action, we therefore assume that the SBR 
is closer to the true AAOI than the TBR. Based on this assumption, we 
can validate the TBR against the SBR over the full period 1878-1985, thus 
allowing also a validation of the low-frequency variability. 

10.2.4 Results 

10.2.4.1 The Station-based Reconstruction 

The AAO pattern and the station weights used to obtain the reconstruction 
are shown in Fig. 10.1. The AAO pattern explains 28% of the variance and 
is characterized by opposite signs at mid (approximately 45°S) and high
latitudes, as identified by e.g. Rogers and van Loon [903] and Mo and White 
[739]. The westerlies strengthen and weaken at high- and mid-latitudes re
spectively with a positive AAOI and vice versa. This pattern is similar to 
that evident at higher altitudes, e.g. 850 hPa GPH [1057] and 500 hPa [903]. 

The station regression weights are positive at all stations except for Perth 
Airport and Ushuia (Tierra del Fuego). This reflects the fact that all stations 
but these two are located within areas of positive loadings within the AAO 
pattern, which as explained in Sect. 10.2.2.2 suggests an increase (decrease) in 
station pressure with an increase (decrease) in NCEP SLP. The coefficient of 
multiple determination during the fitting period is 0.92, thus 85% of the vari
ance of the NDJ AAOI can be explained by the PCR model. The correlation 
of the reconstructed AAOI and the detrended NCEP AAOI in the validation 
period is 0.91 (statistically significant at the 1% level). One expects a strong 
relationship as the stations are a direct measure of pressure, and also may 
have been used as input to the NCEP reanalysis. 

The SBR is shown in Fig. 10.2 (top). The error bars are confidence inter
vals, which means that the true value is covered with a certain probability p 
(in this case p = 0.95). Provided that the residuals in the linear regression 
of the true AAOI on the station PCs are normally distributed and that the 
error of the method remains constant back in time, the confidence intervals 
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1 = Tahiti (45.9,149.6) 
2 = Ushuaia (54.8, 68.0) 
3 = Perth (31.9,116.0) 
4" Sydney (33.9, 151.2) 
5 = Hobart (42.9,147.3) 

6 = Auckland (36.9,174.8) 
7 = Wellington (41 .3,174.8) 
8 = Hokitika (42.7,171 .0) 
9 = Christchurch (43.5.172.6) 
10" Dunedin (45.9, 170.5) 

Fig. 10.1. The Antarctic Oscillation pattern defined as the first EOF of detrended 
NCEP SLP and the station regression weights for normalized station SLP used 
to produce the Antarctic Oscillation Index reconstruction. Isolines are in hPa and 
show the pressure changes for Antarctic Oscillation Index = +1. The regression 
weights are dimensionless. The grey filled circles denote negative values, the black 
filled circles positive values. The circle area is proportional to magnitude. The station 
latitudes/longitudes are in brackets. 

are given by ±1.96 standard deviations ofthe residuals in the linear regression 
(analogous for other critical values of the normal distribution) . 

The SBR could be expected to be biased towards the New Zealand area, as 
more New Zealand stations have been input to the reconstruction than South 
American stations. Although the PCs are standardized, the canonical weights 
are higher for the New Zealand stations than the South American station. This 
may be expected given these stations are located in a centre of high loadings of 
the CCA pattern. For the TBR conversely, we have strongly weighted input 
data from two different centres of action with opposite signs, New Zealand 
and Tierra del Fuego. Given that the stations mainly capture the pressure 
signal over New Zealand and Australia, it is noteworthy that the AAOI can 
be reconstructed so well during the calibration period. However, because the 
SBR is based mostly on data from one centre of action, it is possibly more at 
risk from instability in the relationship between the predictors and the AAOI 
than if it were based on data from several centres, thus is subject to more 
uncertainty than suggested by the validation statistics and the confidence 
intervals. 
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Fig. 10.2. The reconstructed AAO. Bars show the station-based reconstruction 
(SBR) (top), and the tree-based reconstruction (TBR) (bottom). The solid black line 
is the nine year running mean. The thin lines show the 95% confidence intervals. 
The years are dated by the November/December. 

The SBR shows a period of dominantly negative loadings from around 
1900 to the late 1950s, then a period of more positive values during the 1960s, 
followed by a trend to again more negative values. Given the high fitting 
and validation period correlations, and the fact that it is derived from direct 
pressure measurements, and despite the above uncertainties, we can regard 
the SBR reconstruction as more reliable than a proxy-based reconstruction, 
thus it can be used for evaluation of the TBR. 

10.2.4.2 The Tree Ring-based Reconstruction 

The AAO pattern (the same as in Fig. 10.1), and the weights used to obtain the 
TBR are shown in Fig. 10.3. The coefficient of multiple determination during 
the fitting period is 0.72 (Significant at the 1% level), thus 52% ofthe variance 
of the AAOI is explained by the regression model. The correlation between 
the reconstructed AAOI and the detrended NCEP AAOI in the validation 
period is 0.66. 

The tree regression weights show, that of the two New Zealand chronolo
gies, Moa Park has negative loadings, suggesting decreased (increased) growth 
with a positive (negative) AAOI, whereas the positive loadings of Putara in
dicate the opposite response. The opposite signs of these chronologies can 
be explained by their different responses to temperature. Putara, together 
with other pink pine chronologies, is positively correlated with November
April local station temperatures and New Zealand average temperatures [219]. 
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1 = Estancia Carmen Camino (54.26, 67.55) 
2 = Estancia san Justo (54 .03, 68.34) 
3 = Lago Yehuin (54.28, 67.43) 
4 = Estancia Maria Cristina Bosque Virgen (54.30, 67.05) 
5 = Monte Grande Magallanes (53.12, 72.10) 

6 = Peninsula Brunswick (53.3, 71 .10) 
7 = Norquinco (39.07, 71 .07) 
8 = Moa Park (40.56, 172.56) 
9 = Putara (40.40, 175.31) 

, E 

Fig. 10.3. The AAO pattern (as in Fig. 10.1) and the tree regression weights for 
normalized tree-ring chronologies. Isolines as in Fig. 10.1. Circles as in Fig. 10.1. 
The chronology latitudes/longitudes are in brackets 

Moa Park (Libocedrus bidwillii), conversely, is negatively correlated with New 
Zealand average December temperatures [1170] . 

To investigate further the local scale tree/climate relationships it is useful 
to know the local climate signature of the AAO. To investigate this, correlation 
maps were calculated between the detrended AAOI and detrended tempera
ture or precipitation. For the temperature map NCEP 850 hPa temperatures 
were used for the period 1948-1998, for precipitation, the CRU monthly grid
ded climatology of New et al. [762] was used, gridded to 2.5° x 3.75° for the 
period 1948-1990. 

The temperature map (Fig. 10.4) shows coherent large-scale features, with 
positive correlations in the regions of positive AAO loadings in the south
ern/mid ocean basins, including over New Zealand, and negative correlations 
over much of Antarctica. It is interesting to note the negative correlations 
in regions north of 200 S, out of the region where the AAO was defined. The 
correlation coefficient between the time expansion coefficient of the regression 
map (not shown, very similar pattern to the correlation map) and the AAOI 
is 0.72, supporting the strong hemispheric-scale links between the AAOI and 
temperature. The precipitation map (Fig. 10.5) shows less coherent relation-
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Fig. 10.4. Correlation map between the detrended NDJ NCEP INCAR 850 hPa 
temperature and the detrended NCEP AAOI (1948- 1998) The crosses indicate the 
locations of the tree-ring chronologies used to produce the tree-based reconstruction. 

Fig. 10.5. Correlation map between detrended NDJ precipitation [762] and the 
detrended NCEP Antarctic Oscillation Index (1948- 1990). Chronology locations 
are marked with a cross. 

ships. This may be because precipitation is more spatially variable than tem
perature, and also some gridboxes, particularly in the data-sparse Southern 
Hemisphere may contain few input data. Also data are not available from the 
oceanic centres where a signal may be expected. 

Temperature correlations over New Zealand are positive, with a maxima 
over the South Island of approximately 0.5 (values over 0.27 are significant at 
the 5% level). Thus up to 25% ofthe temperature variance over New Zealand 
can be explained by the AAOI. The precipitation correlations over New 
Zealand are dominantly negative, with the highest coefficients over the north 
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and mid South Island and the western North Island, and low or slightly posi
tive coefficients in the northwest North Island, which reflects the high spatial 
variability of New Zealand climate due to the complex topography. These 
positive temperature and dominantly negative precipitation correlations sug
gest that lower pressure in the negative NDJ AAOI state results in reduced 
temperatures and increased precipitation over much of New Zealand, and vice 
versa. Salinger and Mullan [914] found increased temperatures in many areas 
to be associated with easterly and northeasterly flow, which is present in the 
positive AAOI phase with easterly flow to New Zealand around a high pres
sure centre. New Zealand is subject to a succession of anticyclones (ridges) 
and troughs, the latter being usually associated with cold fronts [698]. Thus 
in many areas increased precipitation in the low AAOI phase (low pressure 
over New Zealand) could be associated with the passage of a front bringing 
precipitation. 

Regarding the South American chronologies, Norquinco, the northern
most chronology, is part of a set of 16 Austrocedrus chilensis (chilean cedar) 
chronologies. Growth has been found to be strongly positively correlated with 
spring and early summer precipitation and negatively correlated with tem
perature during the current growing season [1096]. The negative precipitation 
coefficients and weakly positive temperature correlation coefficients, evident 
from Figs. 10.4 and 10.5, support this. This fits with the positive growth with 
low pressure, and increased precipitation of the loadings. Villalba and We
bIen [1097] identified a similar relationship, with above average SLP off the 
Chilean coast being associated with twentieth century drought periods and 
tree mortality in northern Patagonia. 

The Tierra del Fuego chronologies are all Northofagus pumilio (south
ern beech). The climatic response of the Peninsula Brunswick chronology is 
not known due to the scarcity, incompleteness and poor quality of instru
mental records in this region (J. Boninsegna, Pers. Comm.). The response 
of Monte Grande Magallanes (Roig, ITRDB) is also not known. The other 
Tierra del Fuego chronologies, Estancia Carmen Camino, Estancia San Justo, 
Lago Yehuin and Estancia Maria Cristina-Bosque Virgen are located in the 
drier part of the island to the north of mountains, a region of steppe, where 
water shortage is frequent [92]. A positive relationship with late spring and 
summer precipitation was found for a regional chronology, which incorporates 
these trees. It was noted that adequate meteorological records very close to 
the sites were not available. Some positive relationship with summer temper
atures was also identified. The regression relationship indicates high growth 
with high pressure (negative AAOI), and low growth with low pressure and 
westerly flow (positive AAOI) , indicating a temperature response, with in
creased radiation and temperatures with clearer skies with high pressure, as 
suggested by Villalba et al. [1098]. The low temperature correlation coeffi
cients suggest the relationship is rather with precipitation. The precipitation 
correlation however shows positive coefficients in this region. A possible reason 
for this discrepancy is the lack of data in this regions, as presumably the same 



10 Reconstructing Large-scale Variability from Palaeoclimatic Evidence 183 

sparse instrumental records as noted by Boninsegna are input to the gridded 
climatology. Additional complications arise from the complex topography in 
this region. 

2 
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year 

Fig. 10.6. The tree-based AAOI reconstruction. The solid black line is a nine year 
running mean. The thin lines show the 95% confidence intervals. The years are dated 
by the November/December. The section past 1878 is identical to that in Fig. 10.2. 

The TBR is shown in Fig. 10.6. An alternative reconstruction was also pro
duced by multiplying the unprewhitened chronologies onto the tree regression 
weights (with the model still fitted using the prewhitened data) (not shown 
due to space limitations). The low frequency variability as represented by the 
9 year running mean shows the same features in both reconstructions, with the 
magnitude reduced in the TBR. The interannual correlation between the two 
reconstructions is 0.76, and between the 9 year running means 0.84. Thus the 
prewhitening has not changed the main features of the TBR. This is important 
because when autoregression is removed from a timeseries it can reduce the 
low frequency variability contained in the series. However, the NCEP AAOI 
contains little autocorrelation, and therefore the TBR autocorrelation is much 
closer to the NCEP autocorrelation at most lags than the autocorrelation of 
the unprewhitened reconstruction (Fig. 10.7). Thus we consider the TBR to 
be more reliable than the unprewhitened reconstruction. 

It can be seen from Fig. 10.6, that from the beginning of the reconstruction 
to around 1860 there are relatively few, and small, trends in the AAOI in 
comparison with those in later years. The decade from 1870- 1880 has the 
lowest running mean index, there is then an upward trend as described above 
to a maxima in the mid 1950s, with the highest year of the whole series in 
1959. From then until the record ends in the mid 1980s there is a trend towards 
a negative index. 

10.2.5 Discussion 

Instrumental .pressure measurements are the basis for the SBR, whereas the 
AAO pressure signal is only indirectly inferred from tree ring records. There-
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Fig. 10.7. The autocorrelations of the de trended NCEP AAOI (solid black line), 
the tree-based reconstruction (dashed black line), the station-based reconstruction 
(solid grey line) and the unprewhitened tree-based reconstruction (dashed greyline). 

fore, as expected, the SBR is more accurate than the TBR, as can be seen 
from the very high correlation of the SBR and the true AAOI (0.92) compared 
to the lower correlation between the TBR and the true AAOI (0.71) during 
the fitting period. Based on the assumption that the SBR is more accurate 
than the TBR for the full period 1878-1985, we can use the SBR to validate 
the TBR. 

The correlations between the SBR and the TBR are 0.43 for the full period, 
0.50 since 1900, and 0.56 for the fitting period (1948-1985) (significant at the 
1% level) . Although the significance of the correlations shows that the SBR 
and the TBR are clearly related, the relatively low values of the correlations 
reflect the evident differences between the two reconstructions. 

In the SBR from the mid 1920's to the mid 1950's the AAOI is dominantly 
negative. In both reconstructions a downward trend from a positive to a neg
ative AAOI phase has occurred since the late 1950s. The TBR however shows 
a trend towards more positive values from 1900 to the late 1950s, which is not 
evident in the SBR. This can possibly be explained by the observed increase in 
New Zealand temperatures since the beginning of the twentieth century, the 
rate of which reduced during the 1970s [321]. The New Zealand chronologies, 
Moa Park and Putara, have negative (positive) responses to temperature re
spectively (Sect. 10.3.2). The tree canonical pattern (Fig. 10.5) shows negative 
and positive loadings for the former and the latter respectively. Thus a tem
perature increase over New Zealand would result in an increased reconstructed 
AAOI. 

Because of the lack of a positive trend in the SBR over this period, we can 
conclude however that the observed temperature changes cannot be related 
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to the AAO, thus must either be linked to another mode of circulation, for 
example ENSO [321], and/or from non-circulation-related causes, for which 
anthropogenic warming is a candidate. 

We therefore suggest that the temperature-sensitive New Zealand trees 
may be responding to a local temperature increase that is unrelated to the 
AAOI, leading to a positive trend in the TBR over the period 1900-1960. 
However because this trend in the TBR is obviously small, and not significant, 
this hypothesis is tentative. If we take into account the confidence intervals 
of the reconstruction other trends may also be possible. 

No other studies have been able to investigate the behaviour of the AAO 
over this whole period to allow comparison. A number of studies however 
have investigated the major modes of Southern Hemisphere circulation over 
recent decades. Comparison with these studies, particularly those using other 
atmospheric data than the NCEP /NCAR reanalysis, allows us to determine 
the level of confidence in the trends in our reconstruction during these periods. 

Thompson et al. [1059] identified a trend towards high index polarity of 
their Southern Hemisphere annular mode over the period 1968-1997. This 
mode is based on 850 hPa NCEP GPH, and equates to a positive AAOI. Sim
ilarly, in an analysis of Australian Bureau of Meteorology (ABM) data for 
the period 1972-1992, Chen and Yen [161] identified a deepening of the cir
cumpolar trough, and an increase in mid-latitude SLP in summer: this also 
corresponds to positive AAOI. The trend in our index is negative in both the 
SBR and the TBR over the period 1968 to the end of the reconstructions in 
1985, suggesting a discrepancy in trends. This may be however because of the 
slightly differing periods considered. Rogers and van Loon [903] found a de
crease in the strength of westerly flow at Southern Hemisphere high latitudes 
measured as DJF station 500 hPa height differences between Chatham Island 
and McMurdo, Antarctica, which is evident in both the SBR and the TBR. 

Given the likely non-AAO signal in the TBR over the twentieth century, 
an important question for the veracity of the TBR arising from this is how 
it compares to other climate reconstructions over New Zealand in the period 
before the possible anthropogenic influence on warming over New Zealand. As 
there are no reconstructions of the AAOI we have to turn to others which we 
may expect some agreement with. 

Salinger et al. [915] produced reconstructions of zonal (Auckland-Christ
church pressure gradient) and meridional flow (Chatham Island-Hobart pres
sure gradient), as well as warm season (November-March) temperature, from 
tree ring chronologies in New Zealand. During the pre-1900 period a number of 
features in the TBR are also present in the zonal flow reconstruction, namely 
the AAOI minima (zonal flow minima) between 1760 and 1770, and between 
1820 and 1830. The AAOI minima in the TBR during the 1860s and 1870s 
are present, although to a lesser extent, in the Salinger reconstruction. This 
suggests that maybe some confidence can be placed in the TBR before the 
twentieth century. However this reconstruction is also based on trees which 
are sensitive to temperature (as well as to precipitation), so is also subject 
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to the same uncertainties regarding the sources of local temperature changes 
as the TBR. It should be noted that none of the chronologies are common 
between the TBR and those used by Salinger et al. [915]. 

The AAO also has an impact on temperatures over Antarctica. Corre
lation coefficients between gridded temperature and the AAOI are negative 
over the Antarctic (Fig. 10.4). Thus decreased (increased) temperatures over 
much of Antarctica result from an increased (decreased) AAOI (this excludes 
the Antarctic Peninsula, which has been found to exhibit differing behaviour 
[901]). A link between circulation and temperatures over Antarctica has pre
viously been noted by Rogers and van Loon [903], who found higher temper
atures in years with weak southern westerlies than with strong westerlies at 
Amundsen-Scott station during both summer and winter. This link between 
the strength of the southern westerlies and Antartic temperatures was also 
found by Raper et al. [856]. Observed temperature trends over the Antarc
tic between 1957 and 1982 showed a statistically-significant trend in DJF of 
0.032° K/year [856], consistent with the negative AAOI trend in the SBR, 
indicating that at least some of this warming could be related to circulation 
changes. 

10.3 Data Assimilation With General Circulation 
Models 

10.3.1 Use of General Circulation Models in Palaeoclimatology 

Before we present how one can assimilate large-scale anomalies obtained from 
upscaling with general circulation models (GCMs), we briefly discuss the var
ious other ways in which GCMs have been used so far in palaeoclimatology. 

In early applications GCMs have been successfully used to simulate the 
average state of the present climate as well as the major aspects of the tem
poral evolution during the last 150 years. For these experiments the models 
were mostly forced with the time-dependent chemical composition of the at
mosphere and with the varying solar irradiance during this period. Some of 
these simulations were extended to the future, forced with scenarios for green
house gas concentrations, to estimate the climate development for the next 
100 years. GCMs have been also used to simulate equilibrium states mainly 
for the mid-Holocene (6 kyr BP), the last glacial maximum (21 kyr BP) [832], 
or the Eemian (125 kyr BP) [733]. These runs were additionally forced with 
an altered insolation due to orbital changes of the earth, as well as with esti
mates for the ice cover during these periods. Due to limitations of computing 
speed, runs with fully coupled atmosphere-ocean GCMs had until recently a 
typical length of a few centuries. 

Another group of climate models, which are conceptually different from 
GCMs, and which are know as 'intermediate complexity models', allows sim
ulation of several thousand years length (cf. chapter by Bauer and Handorf 
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in this book). In contrast to GCMs, these models have a less detailed rep
resentation of atmosphere and ocean dynamics, and the computational costs 
are therefore much lower than those of GCMs, even when additional compo
nents of the climate system, such as dynamical vegetation and land-ice, are 
included. 

Today the increase in computer speed has facilitated GCM runs of length 
1000 years or more. An overview on the simulations for the last millennium is 
given in [1157]. Long equilibrium simulations have been completed at several 
modelling centers. Simulations of the transient climate evolution of the past 
1000 years have recently been undertaken by the GKSS in collaboration with 
the Max-Planck-Institute for Meteorology, Hamburg, and at the Hadley Cen
ter for Climate Prediction and Research, UK. They are forced by changing 
solar radiation, aerosols from volcanic eruptions, and changing concentrations 
of greenhouse gases. 

Equilibrium runs simulate the internally generated variability of the 
atmosphere-ocean system and provide us with an estimate of the mean state 
and natural variability consistent with temporally constant forcing factors. 
Transient experiments with forcing factors that vary in time can help to find 
the components of the climate variability that are linked to changing forcings. 
Because of internal variability, the forcing factors do not completely determine 
the state of the system, and thus even a perfect GCM used for a experiment 
including all relevant forcings will yield only one random realization of the 
climate that is consistent with the forcing factors, rather than exactly the 
realization that took place in the real world. Nevertheless one can identify 
common features that are attributable to the external forcing. For instance 
in the GKSS run a strong cooling over the northern hemisphere occurred in 
the period 1675-1710 [313], [1199]. This is consistent with the 'Late Maunder 
Minimum', which is recorded in European historical documents. It appears 
that the reason for the cooling is the combination of a lowered solar input 
and several strong volcano eruptions that further reduced the solar energy 
absorbed by the earth. 

10.3.2 Asshnilation of Large-scale Climate Patterns 

10.3.2.1 Concept 

In contrast to equilibrium and forced simulations, GCM runs in assimilation 
mode attempt to simulate the past climate as accurately as possible, including 
the historical time evolution of the random variability, that was internally 
generated by the dynamics of the climate system. 

Assimilation of observations in GCMs, for instance from surface stations, 
balloon soundings, or satellites, has been operationally employed for many 
years to find the initial conditions needed for numerical weather prediction, as 
well as to obtain atmospheric reanalyses. In these cases sophisticated multi
step schemes, which take into account the estimated errors and the spatial 
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correlation structure of the observations, and suppress unphysical high fre
quency variability are employed. Data assimilation in GCMs has also been 
used for process studies and model validation, usually using the simpler, so
called nudging method, which directly relaxes the model towards local obser
vations or large-scale target fields (e.g., [1068], [745]). Since common assim
ilation schemes force the models towards the target states at every grid cell 
(or use an equivalent formulation in spectral space), they require a relatively 
precise knowledge of the target state. However, proxy data are available only 
from a few locations and typically represent climate signals that are integrated 
over several months to decades. In addition large uncertainties exist due to the 
complex relationship between climate and proxy variables, as well as due to 
non-climatic influences on the proxy records. Thus, in palaeoclimatology the 
target state towards which the model should be relaxed is only incompletely 
known, and the existing assimilation methods are not well-suited. 

To overcome this problem the DATUN method (Data Assimilation Through 
Upscaling and Nudging) was proposed by von Storch et al. [1107]. DATUN 
is tailored towards assimilation problems in palaeoclimatology and aims at 
a physically-consistent interpolation of proxy data. It consists of two steps. 
The first step is the formulation of upscaling models, which link multiple local 
proxy data to the intensities of hemispheric or continental-scale temperature 
or circulation patterns. The second step is the assimilation of the estimated 
large-scale patterns into a GCM. 

The upscaling step aims at increasing the signal to noise ratio through 
the underlying averaging. Moreover the intensity of large-scale patterns varies 
more slowly in time than that of small-scale patterns and is therefore partic
ularly suited to be estimated from proxy data with seasonal to annual reso
lution. Typical examples for upscaling are the proxy-based estimation of the 
amplitudes of dominant atmospheric variability patterns, such as the North 
Atlantic Oscillation [186] or the Antarctic Oscillation ([506], and this chapter, 
Sect. 10.2). 

In order to keep the assimilation method simple and computationally inex
pensive, a nudging method is used to force the models towards the prescribed 
pattern intensities. One could consider assimilating the large-scale patterns by 
means of the traditional grid-ceIl-based nudging, with the sum of the climato
logical annual cycle and the estimated patterns defining the target state. But 
this approach is not attractive because in some areas the intensity changes of 
the pattern under consideration may explain a large fraction of the local vari
ations, whereas in other regions the pattern may be irrelevant. Although it is 
not impossible to include this fact in a local nudging formulation, there seems 
to be no systematic and objective way to do it. Therefore it is more straight
forward to define the assimilation procedure entirely in a pattern space and 
to nudge the intensities of the large-scale anomalies estimated from the proxy 
data in a mathematically exact way. The concept is illustrated in Fig. 10.8. 
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Fig. 10.8. Nudging of two pattern amplitudes ~1 and ~2: Based on the model state 
wmodel(ti) the model forecasts a physically consistent state wmodel(ti+l) for the 
next time step. For the state at this time step there is also a data-based estimate 
Wproxy available, which may not be physically consistent. The nudging procedure 
finds a state Wnudge between the model forecast and the data-based estimate. 

10.3.2.2 Application 

The newly developed, so-called pattern nudging has been implemented in 
the ECHAM4 atmosphere model, which is run with a spatial resolution of 
T30 (approx. 300km (lon) x 400km (lat) in midlatitudes). This model can 
be used as part of the coupled atmosphere-ocean model ECHO-G, which is 
described in [608]. 

Pattern nudging is currently being tested using the signatures of prescribed 
states of the Arctic Oscillation (AO, PCl of northern hemisphere extratropical 
SLP) in the prognostic model variables temperature and relative vorticity on 
model levels between 900 hPa and 400 hPa, which have been defined by means 
of regression maps. An example of a target anomaly is shown in Fig. 10.9. Al
though SLP is the defining field for the AO, it is not directly nudged, because 
changing SLP leads to large mass flows in the model and associated dynami
cal inconsistencies are likely. The model is nudged throughout the entire lower 
half of the troposphere, in order to obtain dynamically consistent results and 
to avoid that the internally generated atmospheric variability dominates the 
simulation. The Northern Hemisphere was chosen for the tests because of 
better availability of data for validation of the method. 
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The test experiments have shown that the pattern nudging successfully 
brings the intensity of the target pattern towards the target value. It could 
also be demonstrated that the SLP response to the nudging of relative vorticity 
has the desired AO structure. During winter it is also possible to obtain an 
AO SLP signal through nudging of the model temperature. 

2 

o 

- 1 

-2 

-3 

Fig. 10.9. Target vorticity anomaly (in S-I) for January and model level 14 (approx. 
800 hPa) used in the nudging experiments with the ECHAM model. The pattern is 
associated with a negative Arctic Oscillation Index of one standard deviation 

Compared to merely statistical methods for climate reconstruction, DATUN 
is expected to have the advantage of information propagation to smaller spa
tial and temporal scales, which are not directly modified, but which are linked 
to the large-scale forCing through the model physics. For instance stormtracks 
should be modified in response to changes in the AAO or the AO. A compar
ison of the stormtracks in experiments with and without nudging (Fig. 10.10) 
shows in fact a dynamically consistent weakening and southward shift of the 
stormtracks in response to nudging towards a low AO index state. Analo
gously, nudging towards high AO index states leads to intensification and 
northward shift of the stormtracks (not shown). Thus the overall synoptic 
scale variability is not suppressed by the nudging. 

When applied to several simultaneous target patterns, pattern nudging 
should provide a physically consistent interpolation between these patterns, as 
well as information propagation into regions where linear statistical methods 
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Fig. 10.10. Wintertime (DJF) Storm tracks (variance of 2.5d- 6d bandpassfiltered 
500 hPa geopotential height) in a free control simulation with ECHAM4 (left) , in a 
simulation nudged with the relative vorticity signal associated with a negative AO 
index (middle), and difference of the two simulations (right) 

do not yield a signal from the proxy data. More detailed analyses of the 
nudged runs are under way. They will show to what extent not directly forced 
variability patterns respond to the nudging through physical processes. In this 
respect pattern nudging can also serve as a tool for dynamical analyses. 

Pattern nudging may change the total energy or the total angular mo
mentum of the model atmosphere. This is intended, since the real world at
mosphere at a given time may well have a different total energy than the 
non-nudged simulated atmosphere (for instance due to unrealistic insolation 
or radiative effects of volcanic aerosols) . Similarly, it is sensible to change the 
total angular momentum of the atmosphere so that it is consistent with the 
intensities of the target pattern, since the atmosphere constantly exchanges 
angular moment with the solid earth. The exact way the circulation is changed 
by the pattern nudging can not be expected to be dynamically consistent in 
a mathematically strict sense. However, the fact that all target patterns are 
empirically derived linear response patterns to continental-scale circulation 
anomalies should ensure dynamical consistency on the large scales. Since only 
seasonal means of the target patters are prescribed, the nudging terms and 
thus the resulting imbalances are relatively small, and can be expected to be 
filtered out by the model. 

10.4 Conclusions 

As an important step towards a reconstruction of the global climate of the 
Late Holocene, a reconstruction of the AAOI, has been produced from long 
station SLP records and another using tree ring chronologies from Argentina 
and New Zealand. Such reconstructions are important to help understanding 
of climate during the pre-instrumental period. This is particularly important 
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in the Southern Hemisphere as the sparsity of land masses results in a lack of 
observational data. 

Agreement on an interannual basis between the TBR and SBR are mod
erately good, however the TBR contains an upward trend from the begin
ning of the twentieth century until 1960 which is not present in the SBR. 
We suspect that this trend, corresponding to a period of observed temper
ature increase over New Zealand, may be due to increased growth of the 
temperature-sensitive New Zealand chronologies. Further work is required to 
identify whether non-AAO-induced climate trends over Southern South Amer
ica could also have influenced the TBR during the twentieth century. The TBR 
before the late 18th century shows some agreement with the circulation recon
structions of Salinger et al. [915], indicating that before the twentieth century 
temperature increases the TBR shows some reliable features. We therefore 
suggest that for the instrumental period, which coincides with the probable 
anthropogenic influence on climate, reconstructions from instrumental data 
be used, and for the periods before this, proxy data reconstructions be used. 

The SBR is able to show that trends in shorter periods of the record iden
tified by other workers are correct, but that they are not representative of 
the trend over the last century. This demonstrates the obvious benefit of such 
reconstructions: This is the first time that the behaviour of the Antarctic Os
cillation can be discussed for a period longer than the NCEP or the ABM 
data of more than 50 years. We believe that the SBR is particularly useful for 
such work given the high degree of confidence which can be placed in it due to 
the high fitting and validation correlations. However, when interpreting the 
reconstructions outside of the calibration period, the increased uncertainty 
related to the stability of the underlying regression model outside of the cal
ibration period should be borne in mind, particularly for the SBR, which is 
based dominantly on stations from one centre of action of the AAO. 

The regional climate responses to the AAO have allowed some initial in
vestigation of the influence of AAO changes on surface climate, and determi
nation of the fact that the temperature increases over New Zealand since the 
1970s are not related to the AAO, the major mode of extratropical Southern 
Hemisphere circulation. The observed temperature changes over Antarctica 
however are consistent with an AAO influence for at least some of the warm
ing. 

A pattern nudging method to assimilate the intensities of large-scale 
anomalies, such as the Artic or Antarctic Oscillation, has been developed and 
implemented in the ECHAM4 atmosphere GCM. First tests have shown that 
it is possible to nudge the model towards prescribed intensities of large-scale 
circulation or temperature anomalies, and that the synoptic scale variability 
responds in a dynamically consistent way to the forcing and is not suppressed. 
Further tests and optimization are under way. The method will eventually be 
used in combination with statistical upscaling to reconstruct the global cli
mate of the Late Holocene, by assimilation of multiple patterns intensities 
estimated from proxy data. 
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Mid- to Late Holocene Lake Ecosystem 
Response to Catchment and Climatic Changes 
- A Detailed Varve Analysis of Lake Holzmaar 
(Germany) 

Janina Baier, Jorg F. W. Negendank and Bernd Zolitschka 

Summary. A varved sediment record of Lake Holzmaar, Germany spanning ca. 
4120 years (mid- to late Holocene) was investigated with the aim to reconstruct 
environmental and indirectly climate change. Summer ('light') and winter ('dark') 
laminae were identified according to their predominantly autochthonous and al
lochthonous structure, respectively. Algal sublayers within the light laminae were 
subject to marked changes in thickness and in algal species composition. Diatoms 
were the dominant algal class throughout the record. However, chrysophytes played 
a substantial role in varve formation between ca. 5300 and 3660 cal yr BP. Auteco
logical characteristics of the dominant algal species and algal succession allowed to 
infer shifts of the prevailing water circulation type and relative changes in nutrient 
concentration and ratios (phosphorus and silica). Based on the combination of all 
results, the palaeolimnological development was reconstructed and split into three 
distinct lake periods (6340-5300 cal yr BPj 5300-3660 cal yr BPj 3660-2220 cal 
yr BP). The palaeolimnological characteristics in turn allowed to make suggestions 
upon the palaeoclimatological development in consideration of relevant studies from 
other sites in Western Europe. With the beginning of the Iron Age (ca. 2660 cal yr 
BP), climatic interpretation remains unclear though, because anthropogenic activity 
sharply increased. 

11.1 Introduction 

Knowing past climatic developments is an important prerequisite to model 
and understand the climate of the present and to establish possible future 
scenarios. Therefore, databases need to be expanded beyond the instrumental 
record that covers not more than one or two centuries in most parts of the 
globe [709]. Recently, temperature transfer functions using lake biota have 
been developed, as for example based on diatoms [1142], [549] or chironomids 
[587]. However, these transfer functions are restricted to climatic sensitive 
regions and periods. Palaeoclimatic data, though, are needed from allover 
the world in order to distinguish between local and global climatic signals 
and to track causes for rapid and/or periodic climatic changes. 
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To illl the gap between historical temperature measurements and tem
perature transfer function gathered data, qualitative reconstructions of past 
climatic changes are carried out, using so-called 'proxy data'. In lacustrine en
vironments, diatoms (class Bacillariophyceae) present one of the key proxies to 
resolve past climatic conditions. Advantages of diatoms as proxies are, among 
others, that i) they are widespread and species-rich, ii) their short life-spans 
lead to rapid response to environmental change and iii) their narrow optima 
for certain environmental factors allow to redraw past changes in, for exam
ple, trophic status and pH [50]. Furthermore, annually laminated sediments 
(varves) may document seasonal changes in algal species composition and in 
thickness of algal blooms (e.g., [651]) and varves reflect seasonal changes of 
clastic material input [109]. During the Holocene, biochemical varves were 
generated within Lake Holzmaar. One varve consists of one light and one 
dark lamina. The light lamina corresponds to the spring/summer period as it 
mainly consists of algal material, which may often be split up into several algal 
sublayers. As the dark lamina is composed of organiC/inorganic allochthonous 
matter in the first place, it represents the sediment section deposited during 
autumn and winter. 

Together, algal and varve study allow to draw conclusions upon water 
column circulation patterns, relative changes of precipitation rates, nutrient 
concentration/ratios and bioproductivity rates. All these findings may be in
directly linked to climate change [1194] and human interaction [1188], [809]. 
Here, we present results from a detailed varve study with emphasis on the 
dominating algal species carried out on a sediment sequence of Lake Holz
maar, Germany. The varve study focusses on a ca. 4120-year long sediment 
section, comprising the late Atlantic to early Subatlantic period. This time
period was chosen for our study, because it contains the transition from nearly 
undisturbed conditions to abruptly increasing anthropogenic activity in the 
catchment of Lake Holzmaar. Thus, algae's response to both, climate and 
human impact, may be studied. 

The objective of this study was fourfold: (i) to analyze the varve structure, 
including the determination of the number of sublayers, recording the algal 
species composition of each sublayer and measuring the thickness of sublayers, 
(ii) to qualitatively reconstruct shifts in nutrient concentration and ratios 
(Si, P), changes in algal productivity, precipitation rates and water column 
circulation patterns, (iii) to recognize mid- to late Holocene climatic trends 
representative for the mid-west latitudes and (iv) to document anthropogenic 
influence on the lake ecosystem Holzmaar. 

11.2 Study Area 

Lake Holzmaar (425m a.s.l, 50o tN, 6°53'E) is located in the West Eifel Vol
canic Field, Germany (Fig. 11.1). It is a small and deep lake (5.6ha lake 
surface, 20m maximum depth). The lake is oval in shape and comprises a 
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shallow embankment in the southwest that resulted when a dam was built 
during the late Middle Ages [1186]. Steep slopes and a flat profundal charac
terize the lake morphometry due to its volcanic origin. The lake's catchment 
area comprises 206 ha [930]. Lower Devonian schists, greywackes, claystones 
and siltstones underlie the lake basin. Soils in the catchment consist of rocky 
and clayey brown earths and pseudogleys. Lake Holzmaar has one major in
flow, the Sammetbach, which enters the lake along the western shore while 
the outlet is located more towards the southern shore. Today, Lake Holzmaar 
is predominantly dimictic [930], and sometimes monomictic in years without 
ice-cover [656]. Furthermore, lake Holzmaar is oligo-mesotrophic [858] and 
alkaline [656]. Mean annual air temperature reaches 7.5°C and annual precip
itation averages 750mm [1000]. 

Fig. 11.1. (a) Location of Lake Holzmaar, (b) bathymetric map of Lake Holzmaar 
with sampling sites and dates of different coring campaigns. This study is based 
on the composite profile HZM 4a/4b, resulting from cores HZM 4a and HZM 4b, 
respectively. 

11.3 Material and Methods 

Two overlapping core series were taken from the deepest part of Lake Holz
maar with an Usinger piston corer [1083] in 1996. Macroscopic correlation of 
cores HZM 4a and HZM 4b allowed to establish a continuous composite pro
file, HZM 4a/b (11.17m in length) covering the High Glacial to present time 
period [140]. 

Overlapping (2 cm) thin sections were established from composite profile 
HZM 4 a/b. The preparation of thin sections was based on a modified prepa
ration procedure (unpublished) of the method described by Merkt [718]. In 
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order to avoid counting and analyzing varves twice, so-called 'marker layers' 
(chosen layers own a conspicuous structure) were used to switch from one 
to the next thin section. Already defined marker layers, originating from a 
different composite profile, called HZM 1/2/3 [863], were adopted. Thin sec
tions were studied in a light microscope (Carl Zeiss) using phase contrast 
oil-immersion objectives with 630 x and 1000 x magnitude, respectively. 

Algae species identification was carried out using permanent slides [36]. 
The diatom taxonomy followed Krammer ([554], [555], [556], [553], [557]) and 
Lange-Bertalot ([582], [580], [581]). The identification of Mallomonadaceae 
was carried out according to Siver [981]. Analysis of siliceous resting stages, 
known as stomatocysts, cysts or statospores (in the following referred to as 
cysts), was abdicted. In consequence of siliceous algal analyses in permanent 
slides, it was known prior to sediment thin section analyses which algae species 
to expect within the time-interval studied. 

The varve analyses comprised thickness measurement of the light and dark 
lamina of each varve, and a sequential recording and measuring of the sublay
ers of the light laminae. Furthermore, the average sum of sublayers deposited 
each year was calculated for single varve zones, based on the sum of sublayers 
of each light lamina in order to determine whether the average light lamina of 
a specific varve zone was built up of one (unimodal) or two (bimodal) sublay
ers. Since the varve study covers a relatively long time-period, not all changes 
were considered for the sake of brevity. Therefore, sublayers of the light lami
nae were named according to the dominant algal species, despite the presence 
of sub dominant diatom species. Furthermore, sublayers composed of Fragi
Zaria species, such as Fragilaria nan ana Lange-Bertalot, F. tenera (W. Smith) 
Lange-Bertalot as well as F. ulna var. acus (Kiitzing) Lange-Bertalot were 
collectively termed Fragilaria spp. sublayer. 

Even though the varve analyses included varve counting, this counting 
was not used as reference chronology, because earlier studies (for example 
[1186]) have demonstrated that the varved record is not time consistent 
with other high resolution records (e.g., [15], [389], [110]). Therefore, for 
this study a revised varve chronology was used, whose build-up is discussed 
in [1192]. The chronology relates to the varve counting of composite profile 
HZM B/C [1189], [1187], [1188]. This varve chronology has been cross-checked 
and corrected by counting additional profiles, cores HZM E/F /H [1190]. Af
ter comparison with calibrated AMS 14 C-datings on terrestrial macrofossils 
[419], the varve chronology was corrected by linear interpolation between ca. 
3500 and 4500 cal yr BP. Altogether, 346 varve years are missing during this 
time-interval. The resulting age-model was transferred on to the HZM 4a/b 
sequence studied, using 26 dated marker layers. The time between two marker 
layers was linearly interpolated. An approximative dating error of 0.5 to 1 % 
was calculated for the period 10600 to 3900 varve years BP using the results 
of multiple varve counting [1193]. Due to poorer varve preservation in the 
upper part, the counting error increases up to 2.6% from 3900 to 2300 varve 
years BP and reaches 5% from 2300 varve years BP to the present. It should 
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be noted that this error estimation does not take into account the adjustment 
made by AMS 14C-datings. 

Varve measurement along thin sections for the sequence studied resulted in 
a cumulative length of 242.97 cm whereas the corresponding composite profile 
segment of HZM 4ajb only amounts to 234.5 cm. To overcome the disagree
ment between thin section and composite profile length, recognizable layers 
on both thin sections and photo logs were utilized for transferring composite 
profile depth and assigned age model dates to thin section counting. Ages and 
depths between two layers were linearly interpolated. Reasons for the discrep
ancy between thin-section and composite profile length are thought to be due 
to swelling and break-up of the sediment during thin-section preparation. 

11.4 Results and Discussion 

The palaeolimnological and palaeoclimatological development of Lake Holz
maar was attributed to three different lake periods (periods I, II and III) as 
deduced from varve structure and diatom composition (Figs. 11.2, 11.3). 

Lake period I (6350-5300 cal yr BP) 

Between ca. 6350 and 5900 cal yr BP, the light laminae were approximately 
twice as large as the dark laminae (mean thickness of 590)lm to 290 )lm, 
respectively), summing to a total mean varve thickness of 880)lm (Fig. 11.2). 
In most of the varves (ca. 84%) Stephanodiscus minutulus (Kutzing) Cleve 
Muller built up the first sublayer (mean thickness = 315 )lm) of the light 
laminae, followed by a second sublayer (mean thickness = 350 )lm) made of 
Nitzschia paleacea (Grunow) Grunow (Fig. 11.3). 

The hypertrophic taxon S. minutulus is a typical spring time species [1012] 
that prospers when SijP ratios are low « 1) and takes advantage of low 
light spring illumination [537], [101]. The sublayer succession allows to draw 
the conclusion that the SijP ratio increased along the growing season due 
to intense phosphorus uptake of the species S. minutulus. Consequently, as 
supply rates of phosphorus diminished, the eutrophic taxon N. paleacea [943], 
which competes more effectively than S. minutulus if silica is abundant relative 
to phosphorus, dominated at a later stage of the growing season. Since both, 
S. minutulus and N. paleacea, produced large blooms, it may be inferred that 
water column mixing during spring time was very intense and long-lasting, 
thereby supplying particularly high levels of nutrients. 

The hypertrophic taxon Aulacoseira ambigua (Grunow) Simonsen [943] 
sporadically formed a third sublayer (mean thickness = 210 )lm) within the 
light laminae until ca. 6000 cal yr BP (Fig. 11.2). As A. ambigua occurred at 
the top of the light laminae or was mixed with the dark laminae (Fig. 11.3), it 
supposedly bloomed during late summer or fall. Aulacoseira ambigua requires 
some degree of mixing to keep the heavy silicified bodies suspended in the 
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epilimnion [659] and therefore implies that autumn overturn was quite intense 
as well. 

Lake period I coincides with the Young Neolithic period (Michelsberger 
culture). Only single and randomly distributed findings made out of stone 
correlate with this period [385], [247], [749]. The non-arboreal pollen (NAP) 
fraction increases at the beginning of lake period I (6000-5900 cal yr BP) to 
values reaching 6-8% relative to the total pollen sum [634]. The NAP frac
tion includes anthropogenic indicator pollen, such as Plantago lanceolata, P. 
major and single cereal pollen, reflecting human activities in the catchment 
of Lake Holzmaar [1020], [634]. However, no turbidites occurred and the sed
imentation of minerogenic matter was restricted to the dark laminae of the 
varves, suggesting that increased soil erosion did not occur. Thus, human in
fluence upon the Holzmaar ecosystem was obviously minor at the beginning of 
lake period I, so that inferred palaeolimnological conditions were supposedly 
particularly triggered by natural forcing. 

The presence of S. minutulus and N. paleacea could be the result of mild 
winters, allowing an early beginning of spring overturn, followed by a late be
ginning of summer stratification, leading to long lasting upwelling of nutrient
rich hypolimnetic waters. A similar scenario was also described for Elk Lake, 
Minnesota [101]. A second possibility of providing low Si/P ratios is that of 
reduced late winter and spring precipitation rates and a simultaneous reduc
tion of groundwater silica fluxes, which may also influence planktonic diatom 
community composition [102]. A third reason for high total phosphorus (TP) 
concentrations in the epilimnion might be related to cold winters with stable 
water column stratification and accumulation of nutrients in the hypolimnion, 
followed by an abrupt temperature increase in early spring (strong thermal 
seasonal gradient) and cool, stormy late spring times leading to strong mix
ing of waters and homogeneous distribution of nutrients in the water column. 
During the Holocene climate optimum (ca. 9000-6000 cal yr BP), summers 
were warmer and winters were colder in the middle and upper latitudes of the 
northern Hemisphere than at present [158]. This observation is a strong argu
ment for abrupt temperature changes and against mild winters, contributing 
to high pelagial diatom biomass productivity. 

Between ca. 5900-5300 cal yr BP, the bi- and sometimes three to four 
modal structure of the light laminae was successively replaced by light laminae 
having an unimodal character (Fig. 11.3). The mean varve thickness decreased 
from 880 fJ,m to 510 fJ,m, mainly due to a decrease of light laminae thickness 
(from ca. 560fJ,m to ca. 220fJ,m), whereas the mean dark laminae thickness (ca. 
285 fJ,m) remained unchanged. The decrease of light laminae thickness points 
at a reduction of nutrient availability within the growing season. Furthermore, 
the structural changes within the varves were accompanied by a successional 
shift of the dominant diatom taxa within the varves. The hypertrophic diatom 
taxon Asterionella formosa Hasall and eutrophic Fragilaria taxa (Fragilaria 
nanana Lange-Bertalot, Fragilaria ten era [W. Smith] Lange-Bertalot, Fragi-
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laria ulna [Nitzsch) Lange-Bertalot var. acus (Kiitzing) Lange-Bertalot), [943) 
now dominated in the light laminae of the varves (Fig. 11.2). 
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Fig. 11.2. Detailed structure analyses of the light laminae during the time-span 
from ca. 6350- 2220 cal yr BP. Shown are the dominant algal sublayers and their 
corresponding thickness. Furthermore, the resulting light and dark laminae thick
nesses are shown on the right. Note that scaling among single graphs differs. 

All these taxa compete well for phosphorus in high silica environments 
[1085), [988). Asterionella formosa Hasall may bloom the whole year, during 
snow melt [547), during early summer [1012), in late summer [249) and also 
under ice [1041). Higher abundances ofthe dominating Pragilaria species have 
been observed during early summer and also during autumn [100). Thus, based 
on diatom assemblage composition, it is not possible to make any suggestions 
at what time of the year spring overturn started at this stage of lake period 1. 

After 6000 cal yr BP, small blooms of the eutrophic taxon Cyclotella ra
diosa (Grunow) Lemmermann [943) were frequently traced at the top of the 
light laminae or within the lower part of the dark laminae (Fig. 11.3). There
fore, it may be concluded that C. radiosa bloomed in summer/autumn. The 
growth of C. radiosa is supported by higher temperatures [1010) and also by 
higher nutrient concentrations [943). Blooms of C. radiosa remained relatively 
small (mean thickness = 160 Ilm), reflecting that the inferred increased nutri
ent flux did obviously not last long. It is not very probable that temperature 
had a great influence upon the presence of C. radiosa, since the end of lake 
period I corresponds to the beginning of the mid-Holocene cooling, registered 
in western Europe [549), [76), [548). In the course of the mid-Holocene cooling, · 
the seasonal thermal gradient probably decreased. A weaker circulation of wa
ter masses during seasonal overturn could have been the result, leading to a 
lowering of nutrient concentrations and to an increase of the Si/P ratio. Both 
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factors probably contributed to the registered decrease in bioproductivity and 
to the change of diatom assemblage composition at the end of lake period 1. 

The dark laminae thickness increased between ca. 5900 and 5650 cal yr 
BP (Fig. 11.2) and larger mineral particles (silt size) appeared during this 
time window. This could indicate an increased external Si und N input into 
the lake. The taxon Asterionella formosa, for example, is known to react 
quickly to disturbance and prospers in nitrogen-rich waters [711], [493]. Thus, 
soil erosion could have had an influence on the changes of diatom species 
composition. 

The transition from lake period I to lake period II corresponds to increased 
lake-levels of Lake Seedorf (western Swiss plateau) between ca. 5300 and 4900 
cal yr BP [416] as well as to increased lake-levels in the French Jura around 
5250 cal yr BP [671]. Furthermore, glacier advances occurred in the Swiss 
[1196] and Austrian Alps [806]. Based on these palaeoclimatological informa
tion, it could be argued that increased precipitation rates Or enhanced snow 
melt also occurred in the Western Eifel region, leading to a higher Si-flux and 
thus promoting the observed increase in the Si/P ratio. 

Besides indirect climate forcing, anthropogenic activity could also have 
contributed to increased minerogenic matter input. A prominent peak in dark 
laminae thickness (around 5300 cal yr BP) was accompanied by a second NAP 
maximum (NAP max = ca. 5%) [634]. Even though the second NAP peak was 
not as big as the first one, increased soil erosion took place contemporane
ously. In case a causal relationship exists, this constellation may have to do 
with forest clearance in the close catchment of Lake Holzmaar, notwithstand
ing the fact that regional neolithic activity was greater at the beginning of 
lake period 1. Overall though, the long-lasting change in diatom assemblage 
composition and the decrease in diatom productivity after ca. 5900 cal yr 
BP, suggests that the palaeolimnological development was linked to climatic 
processes in the first place, whereas anthropogenic influence was, in case it 
contributed to lacustrine conditions, restricted to short time-intervals. 

Lake period II (5300-3650 cal yr BP) 

The massive occurrence of chrysophytes (scaled chrysophytes and cysts) is 
a main characteristic of lake period II in Lake Holzmaar (Figs. 11.2, 11.3). 
The scaled chrysophyte species Mallomonas caudata Ivanov dominated within 
the light laminae between ca. 5300 and 4500 cal yr BP, whereas between ca. 
4500 and 3660 cal yr BP cysts played a major role in varve formation. In 
some years, a second sublayer within the light laminae formed, consisting 
of Cyclotella ocellata Pantocsek, Asterionella formosa, Cyclotella comensis 
Grunow Or Fragilaria spp. The decline of the overall varve thickness continued 
(from ca. 510!..lm to 470 !..lm) due to a decrease of the dark laminae thickness in 
the first place (from ca. 285!..lm to 180 !..lm), while mean light laminae thickness 
slightly increased (from ca. 220!..lm to 290!..lm). 
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The increased sedimentation of chrysophytes probably indicates limnolog
ical conditions less favourable for diatom production. Furthermore, the pres
ence of chrysophytes reflects low nutrient conditions, because they are being 
replaced by other algal groups at higher nutrient concentrations [986]. The di
atom species C. comensis is able to thrive under low TP concentrations [943], 
corresponding to mesotrophic conditions and needs only low Si concentrations 
to prosper [1011]. The TP optimum of the taxon Cyclotella ocellata reflects 
mesotrophic conditions as well [943]. Altogether, not only the decrease in light 
laminae thickness, but also the presence of chrysophytes and the prevailance 
of the Cyclotella species, suggest that Holzmaar turned mesotrophic during 
lake period II. 

Continental climate conditions were assumed as the main driving factor 
for meromictic stability of Lake Liingsee (Austria) during Aller6d times [941]. 
In consequence, nutrient concentrations were low, which favoured the growing 
of C. comensis [941]. In Holzmaar, the occurrence of C. comensis was also ac
companied by low lacustrine productivity and low minerogenic matter input. 
Assuming that Lake Holzmaar tended to be meromictic, circulation periods 
were probably shortened, the transition to the stratified periods took place 
quickly and those were particularly stable. Summers probably have been rel
atively warm and calm to cause strong stratification. The reduced circulation 
of water masses assumed, could also have been one reason for the appearance 
of thin, lightly silicified Fragilaria species in Holzmaar, because due to their 
lower specific weight, they are able to float to remain in the photiC zone [346]. 
A similar and contemporaneous change in phytoplankton composition is no
ticed in Lake Albano, central Italy [33]. There, diatoms dominated between 
ca. 7600 and 4000 cal yr BP, whereas after 4000 cal yr BP cyanobacterias 
predominated. As in Lake Holzmaar, the pelagial lacustrine productivity de
creased also in Lake Albano combined with a shift from predominantly silici
fied to non-silicified algal groups. The dominance of non-silicified algal groups 
is also interpreted as a consequence of stable water column conditions in Lake 
Albano [33]. 

Marked limnological and palynological changes with the beginning or 
within the Subatlantic period were observed at many other lake sites as 
well. Changes in diatom species composition and in sediment structure oc
curred, for example, between ca. 5000 and 4200 cal yr BP at Lago di Mez
zano, central Italy, indicating dry and cool conditions [855]. Palynological 
studies at Lake Vrana, Croatia, suggest increasing dry summers, which sud
denly started around 4200 cal yr BP and stopped with the beginning of the 
Roman Period [940]. Furthermore, palaeolimnological studies of the Sahara 
showed that an abrupt decrease of the precipitation rate occurred after 4500 
cal yr BP [881]. Numerical simulations reflect the sudden desertification of 
the Sahara during the middle Holocene [167]. These examples suggest sudden 
changes in moisture balance in the Northern hemisphere midlatitudes around 
the last part of the Holocene [526]. 
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Lake period III (3650-2110 cal yr BP) 

The re-occurrence of the hypertrophic species S. minutulus within the predom
inantly unimodal light laminae is one main characteristic of lake period III 
(Figs. 11.2, 11.3). A second typical feature is that varve thickness abruptly 
increased after ca. 2660 cal yr BP. 

Between ca. 3650 and 2660 cal yr BP, S. minutulus sublayers frequently 
switched with those consisting of Cyclotella ocellata, Fragilaria spp., Nitzschia 
paleacea and Asterionella formosa (Fig. 11.2). Varve thickness further de
creased (mean thickness = 290J,.lm), due to declining light and dark laminae 
thicknesses (from 290J,.lm to 163J,.lm and from 180J,.lm to 130J,.lm, respectively) 
between ca. 3650 and 2660 cal yr BP. Thus, eutrophication of Lake Holz
maar, as suggested by the re-appearance of hypertrophic taxa did obviously 
not occur, as biomass productivity remained low. 

The discrepancy between diatom-inferred trophic status and produced 
biomass may reflect that prevailing diatom species and dynamic changes of 
the fossil diatom assemblages were triggered by frequent changes of the SijP 
ratio rather than by increasing nutrient concentrations. Frequent changes of 
the mean annual air temperature and precipitation rate may have provoked 
variations of ice cover thickness and of the lake circulation type. This in turn 
may have had influence upon the intensity, the duration and the timing of 
the nutrient transport from the hypolimnion into the epilimnion during circu
lation periods. Perhaps, a slight deepening of the thermocline was sufficient 
at this point of time to circulate dissolved phosphorus, which had probably 
greatly accumulated within the hypolimnion, starting with the beginning of 
the dryer period after ca. 5300 cal yr BP. Furthermore, groundwater fluc
tuation could have caused changes of the epilimnetic SijP ratio within Lake 
Holzmaar. Geochemical studies at Schalkenmehrener Maar (situated ca. 20km 
north of Lake Holzmaar) show that ground water flux rates were high between 
ca. 4050 and 3300 cal yr BP [933]. Possibly groundwater flux rates, includ
ing Si, also increased at Lake Holzmaar, triggering dynamic changes of the 
SijP ratio. Such chemical and physical changes may influence changes of the 
diatom assemblage composition, as demonstrated by a monitoring study at 
Elk Lake, Minnesota [100]. There, lake circulation in the spring of the year 
1979 lasted only a short amount of time, due to a delay of 10 days. The dom
inance of Fragilaria and Cyclotella species in the corresponding spring bloom 
was obviously influenced by reduced phosphorus flux rates relative to silica 
flux rates. Turbidity-like layers (thickness ca. 1000 J,.lm) which sporadically 
occurred within the dark laminae of the varves during lake period III could 
hint at winter and spring precipitation maxima, producing increased SijP ra
tios. On the other hand, a long-lasting spring circulation period in the year 
1984, coupled with abundant nutrients, particularly phosphorus, generated a 
Stephanodiscus minutulus bloom in Elk Lake, Minnesota [100]. 

The diatom-inferred occurrence of frequent climatic changes is in agree
ment with many palaeoclimatic reconstructions, reflecting cool and moist in-
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Fig. 11.3. Schematic overview of varve structure variation throughout the record 
analyzed. Shown are sedimentation rates (SR) , a varved sediment column with rela
tive ratios of mean light and dark laminae thickness within defined varve zones and 
a schematic drawing of sublayer composition. 

tervals during the Bronze Age (3750- 2650 cal yr BP). The so-called 'Lobben' 
cold period, characterized by glacier advances in the Swiss and Austrian alps, 
occurred between ca. 3450 and 3250 cal yr BP [805], [354]. Furthermore, ev
idence exists (timberline retreat, high lake-levels) from the central Swiss and 
the western Swiss Plateau for the occurrence of a cool period (CE-7) between 
ca. 3650 and 3300 cal yr BP [416]. These findings also correspond with higher 
lake-levels in the French Jura during the so-called Pluvis period between ca. 
3650 and 3000 cal yr BP [671], [672] as well as with higher lake-levels in Scot
land between ca. 4000 and 3000 14C yr BP [258]. However, there seem to 
be regional differences, as for example, glacier retreat was registered in the 
central Swiss Alps between ca. 3640 and 3360 cal yr BP [465]. Furthermore, 
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palynological, archaeological, palaeohydrological and lithobiostratigraphical 
observations reflect a dry period occurring in central Italy between ca. 3700 
and 3500 ca yr BP [675]. 

Human activities, such as deforestation, may also have influenced the dy
namic changes of the fossil diatom assemblages, since palynological evidence 
exists for two periods of increased human presence during the Bronze Age. 
Between ca. 3700 and 3500 cal yr BP as well as around ca. 3050 cal yr BP, 
NAP reached up to 10% of the pollen sum, respectively. The indicator pollen 
for tillage as well as those for pasture increased, suggesting that both forms of 
agriculture were carried out [247]. The later increase of birch pollen, though, 
documents only temporary usage of those areas [247]. Corresponding archae
ological evidence is rare [247]. The transition between the Bronze and Iron 
Age is again characterized by decreasing cultivation activity. Despite the fact 
that anthropogenic activity reached two maxima in the lower part of lake pe
riod III (3650-2660 cal yr BP), dark laminae thickness remained basically low, 
reflecting that the forest ecoystem remained largely undisturbed. Human in
fluence upon the palaeolimnological development of Lake Holzmaar was thus 
probably of minor importance. 

Between ca. 2660 and 2220 cal yr BP, the predominantly unimodal varves 
were almost entirely made of Stephanodiscus minutulus (Figs. 11.2, 11.3). 
Furthermore, Fragilaria spp. and Asterionella formosa sporadically dominated 
within the light laminae of the varves. The fossil diatom assemblages suggest 
that Lake Holzmaar turned to a eutrophic to hypertrophic state. This is in 
agreement with a sudden rise of varve thickness. After a first maximum of 
the varve thickness (from ca. 500~m to ca. 1340~m) between ca. 2660 and 
2490 cal yr BP, values decreased, but remained on a higher level than in 
lake period II. Since the increase in varve thickness is mainly due to a rise 
of the light laminae thickness (making up 64% of varve thickness), it may 
be concluded that diatom productivity sharply increased accompanied by a 
higher input of clastic material. 

Together with this sudden rise of light and dark laminae thickness, an
thropogenic indicator pollen abruptly increased as well [634]. NAP values 
reached up to 40% of the pollen sum during the Iron Age, reflecting that 
the forest retreated. After ca. 2660 cal yr BP, there was also a tremendous 
increase in archaeological findings [247], [749], thus supporting the palynolog
ical evidence for strong anthropogenic activity in the catchment of Holzmaar. 
Archaeological findings correspond to the late Laufelder culture and to the 
early Hunsriick-Eifel culture. 

The rapid increase of bioproductivity may as such be regarded as having 
been influenced by anthropogenic activity. Due to massive forest clearance 
the nutrient flux probably increased, favouring the competition of the hyper
trophic species Stephanodiscus minutulus. This species was mainly responsible 
for the massive increase of light laminae thickness (rising from ca. 375~m to 
825~m). The increase of dark laminae thickness occurred a bit later, namely 
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around ca. 2625 cal yr BP. This means that intensive soil erosion did not 
occur until the forest soil was severely damaged. 

On the other hand, this time-lag between the thickness increase of light 
and dark laminae could also have been triggered by climate change, which 
coincides with the beginning of the Iron Age. Around 2650 cal yr BP a rise 
of groundwater levels as well as an expansion of peat bogs in NW Europe oc
curred [538], [1086]. Furthermore, the beginning of the Iron Age corresponds 
to rising lake-levels in the French Jura (Bourget phase), [673], [674] and on the 
Swiss plateau (CE-8 phase), [432] or with glacier advances in the Swiss and 
Austrian Alps (Goschenen-I phase), [93], [805]. In addition, a sudden rise of 
the atmospheric ~14C content occurred around 2650 cal yr BP, probably due 
to lower solar activity [1087]. These are all indications for the occurrence of 
cooler and moister conditions in the midlatitudes of the northern hemisphere 
at the beginning of the Iron Age [1088]. The climate change in question could 
have triggered turbulent and intensive mixing of the water column, leading to 
nutrient transport from the hypo- to the epilimnion and in turn to eutrophica
tion. Presumably both, climate change and enhanced anthropogenic activity, 
reinforced each other and initiated this sudden peak and long-lasting increase 
in bioproductivity during the Iron Age. 

In the course of increased soil erosion and lacustrine productivity, the 
presence of benthic diatoms abruptly increased too, which may reflect greater 
littoral productivity and/or enhanced resuspension of littoral material. Eather 
strong turbulence from circulation winnowed benthic diatoms from the littoral 
to the profundal regions of Lake Holzmar or enhanced nutrient supply also 
supported increased diatom productivity in the littoral zone. 

11.5 Summary and Conclusions 

The varve analyses revealed that the light laminae of the varves are made of 
diatom frustules in the first place. Lake Holzmaar was highly productive be
tween ca. 6340-5900 cal yr BP as suggested by the relatively huge thickness of 
the light laminae, predominantly consisting of Stephanodiscus minutulus and 
Nitzschia paleacea. This time-span corresponds to the late Holocene Climate 
Optimum and as such a high seasonal temperature gradient was probably re
sponsible for vigorous mixing of the water masses coupled with long lasting 
nutrient transport. Between ca. 5900-5300 cal yr BP the light laminae thick
ness decreased, going along with a shift to Asterionella formosa and long 
Fragilaria species as the prevailing diatom species. This period coincides with 
the mid-Holocene cooling. A decreasing seasonal temperature gradient prob
ably led to less intense mixing of the water masses and favoured a rise of the 
Si/P ratio and a lowering of nutrient concentration. This in turn resulted in 
a lowering of the diatom-inferred trophic status. 

During the time span 5300-3660 cal yr BP chrysophytes (M allomonas cau
data and cysts) dominated within the varves. The dominance of chrysophytes 
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over diatoms and the fact that light laminae thickness reached a minimum, 
suggests that the trophic status decreased. Calm and warm summers proba
bly led to strong stratification and inhibited mixing within the water column 
and thus the prospering of diatoms. This marked change in phytoplankton 
composition corresponds to circumstantial evidence in many parts of western 
Europe indicating significant changes in moisture balance. 

The re-appearance of hypertrophic taxa (S. minutulus and N. paleacea) 
between ca. 3660 and 2220 cal yr BP reflects a rise in trophic status. Varve 
thickness, though, remained low until ca. 2660 cal yr BP. To explain the dis
crepancy between diatom-inferred trophic status and bioproductivity, frequent 
changes of Si/P ratio rather than a rise in nutrient concentration are assumed. 
As studies in other sites of western Europe reflect intervals of glacier advances 
and lake level rises during the Bronze Age, frequent changes in precipitation 
rate and air temperature may have caused these changes in nutrient ratios. 
Human activity was generally minor and may thus be neglected as having 
been a major reason for palaeolimnological changes in pre-Iron Age times. 

Light laminae thickness increased sharply after ca. 2660 cal yr BP. A rise 
in anthropogenic activity with the beginning of the Iron Age is regarded as 
the main cause. On top of that, there exists evidence for a major climate event 
(cooler and moister conditions) which occurred at the beginning of the Iron 
Age. Lower temperatures could as such have caused long-lasting mixing within 
the water column and thus have contributed to a rise in diatom productivity. 

To sum up, changes in diatom composition and varve thickness in Lake 
Holzmaar are indirectly closely related to climate change and to human activ
ity during the period studied. Our findings suggest that diatoms and chryso
phytes are very well suited as bioindicators for past changes of the environ
ment, climate as well as of human presence. 
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Holocene Palaeoclimate in the Saharo-Arabian 
Desert 

Sushma Prasad and Jorg F. W. Negendank 

Summary. Palaeoclimate data from the Saharo-Arabian region are reviewed to 
investigate their potential for deciphering shifts is nature and geographical extent 
of past precipitation regimes. Presently the northern sector of the Saharo-Arabian 
arid/semi-arid region receives much of its rainfall during the winter half of the year, 
in association with middle- to high-latitude westerly depressions. In contrast, the 
southern sector receives rain from the summer monsoons. 

The early Holocene was marked by an increased northward extension of the 
monsoon regime in the whole region. The northern areas of Sahara and western 
Arabian Desert additionally show evidence of an increased southward penetration 
of winter rains. No comparable increase in early Holocene winter precipitation is 
observed in the eastern part of the Arabian Desert where only the summer monsoon 
dominates. An arid phase,,", 8 cal ka is observed in nearly all the sites studied. 
Following this, a renewed strengthening of winter rainfall in northern Sahara is 
observed. NW India too, in contrast to early Holocene, showed a clear trend of 
decreasing rainfall to the south, suggesting the possibility of higher winter rainfall. 
Subsequently, during mid- late Holocene a non-linear return towards present day 
aridity sets in, in the entire region. Although orbitally induced changes in insolation 
account for a large part of these shifts, the short term climatic fluctuations and the 
non-linear trend towards present day aridity would indicate complex interactions 
between atmosphere, ocean and land surface conditions. 

12.1 Holocene Palaeoclimate in the Saharo-Arabian 
Desert 

The Saharo-Arabian arid/semi-arid region is situated within the climatically 
sensitive latitudinal zone of shifting wind belts. The northern sector receives 
much of its rainfall during the winter half of the year, in association with 
middle- to high-latitude westerly depressions whose tracks are steered by the 
subtropical jet stream (SJT) [1159]. In contrast, the southern sector receives 
rain from the summer monsoons (Fig. 12.1). Considerable shifts in these wind 
belts took place during Holocene in response to orbitally induced insolation 
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Fig. 12.1. Schematic representation of general wind patterns over the Saharo
Arabian region. The lower solid line indicates the position of the Intertropical Con
vergence Zone (ITCZ), the upper hatched line indicates the position of the Sub 
Tropical Jet stream (SJT). Compiled from [764] and [287]. The dot-dash line indi
cates other convergence zones. 

changes, the evidence of which is seen in the form of fossilized palaeodunes, el
evated palaeoshorelines, extinct wadis, palaeolakes and faunal remains, point
ing to significant climate variability in the past. The climatic sensitivity of the 
region, while interesting from a scientific viewpoint, also has a large impact 
on the human society, as the region is presently populated by several tens of 
thousands of people whose livelihood depends on the vagaries of rainfall. 

Here we present a review of the available palaeoclimatic record from the 
region and discuss its potential to decipher past variations in precipitation 
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Fig. 12.2. The climatic zones in the study area (after Koppen) . Sites mentioned or 
used in the text axe shown: 1. L. Nal Sarovax, 2. L. Didwana 3. L. Sambhax, 4. L. 
Lunkaxansax, 5. cores 136 KL, 111 KL, 6. core 74 KL, 7. core RC 27, 8. Travertines, 9. 
Hoti cave deposits, 10. fluvial and lacustrine deposits in SE Oman, 11. Rub'al Khali 
lakes, 12. AI-Luhy, 13. AI-Hasa, 14.Nefud As-Serir, 15. Jubba, 16. L. Mirabad, 17. L. 
Zeribar, 18. L. Urmia, 19. Dead Sea, 20. N. Negev, 21. Soreq Cave, 22. L. Huleh, 23. 
Ghab, 24. Ghadames, 25. Hassi Messouad, 26. Sebkha Mellala, 27. sites on maxgin 
of the Great Western Erg, 28. Saoura, 29. Wadi Moulouya, 30. L. Tigalmamine, 
31.Tirersioum, 32. Sebkha Chemchane, 33. Mauritanian lakes, 34. Malian lakes, 35. 
L. Toudini, 36. Tassili, 37. Ghat, 38. Murzuk, 39. Hoggar, 40. Hirafok, 41. Tin 
Ouaffadene and Adrax Bous, 42. Air, 43. Bilma and Fachi, 44. Bouloum Gana and 
Agadem, 45. Bougdouma, 46. L. Chad, 47. Trou au Natron, 48. extinct wadi from 
Serir Tibesti to Serir Calanscio, 49. Behar Belama, 50. Nile, 51. Abu Ballas, 52. Gilf 
Kebir, 53. Red sea Hills, 54. Selima oasis, 55. EI'Atrun and Oyo, 56. Wadi Howax, 57. 
L. Gureinet, 58. Jebel Marrah, 59. Jebel Aulia and Kosti, 60. White Nile, 61. Afrera, 
62. L. Abbe and L. Asal, 63. Ziway-Shala basin, 64. L. Stefanie, 65. L. Turkana, 66. 
L. Albert, 67. L. Victoria, 68. L. Nakuru, Elementia, Naivasha, Rukwa, Magadi. 
WD: Western Desert, ND: Nubian Desert , LD: Libyan Desert. 

belts during the Holocene. For comparison, information from regions border
ing this arid belt (Fig. 12.2) has also been included. While the nature of 
available data, both in terms of coverage and quality is not always outstand
ing, it still provides valuable clues about the changing precipitation regimes 
during the Holocene. The available uncalibrated radiocarbon dates have been 
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indicated as 14C years while their approximate calendar year equivalents are 
referred to as cal years; the latter should be used bearing in mind the age 
plateaus present in the C-14 calibration curve [1025]. 

12.2 NW India 

Palaeoclimate reconstruction using pollens was initially carried out on three 
lakes Didwana, Sambhar and Lunkaransar by Singh et al. [977]. Subsequently, 
Swain et al. [1032] carried out precipitation reconstruction (Fig. 12.3) based on 
the pollen data of Singh et al. [977] from lake Lunkaransar (28° 30'N, 73° 45'E). 
They suggest an increase in precipitation (relative to present) of about 
200mm/yr between 10-3.5 14C ka ("" 11.5-3.8 cal ka), slightly less than the in
crease of 250 mm/yr reported by Singh et al. [977]. A multi-proxy study of lake 
Lunkaransar sediments [278] indicated that between"" 10-6.3 14C ka ("" 11.5-
7.2 cal ka), while the water table was always above the lake floor, sustained 
high lake levels were absent. This observation is in agreement (Fig. 12.3) with 
Didwana lake farther south [1132], [978]. At Didwana (27°20'N, 74°35'E), an 
early ("" 11.5 cal ka) saline phase is recorded by the presence of halite, fol
lowing which, strong fluctuations from freshwater to saline continued until 
"" 6 14C ka ("" 6.8 cal ka) [1132]. Pollen studies [978] on Didwana sediments 
also indicate that the halophytic vegetation had been replaced by a freshwater 
swamp during"" 9.3-7.5 14C ka ("" 10.4-8.3 cal ka). Between"" 7.5-6.2 14C ka 
("" 8.3-7 cal ka), the desert taxa show an overall decline, while trees from the 
sub-humid zone move in, for the first time establishing a tree savannah. It 
would appear that while the results from pollen and geochemical studies are 
broadly in agreement, the pollens seem to show a delayed response. 

An intense arid phase at Didwana "" 7 14 C ka (interpolated date) ("" 7.8 cal 
ka) is marked by a combination of saline and carbonate minerals, suggesting 
a mixing of waters in a hypersaline lake with low water levels [1132]. There 
is however no report of such an event in the pollen data. A dry period at 
"" 7 14C ka (interpolated date) ("" 7.8 cal ka) has also been reported from Nal 
Sarovar (23°N, 72°E), marked by the dominance of C4 plants and authigenic 
gypsum crystals [839]. 

The period"" 6-4.8 14C ka ("" 6.8-5.5 cal ka) showed large regional varia
tions. It was drier but with evenly distributed wet spells in Nal Sarovar in the 
south [839]. The northern lakes (Didwana [1132] and Lunkaransar [278]) how
ever showed their highest sustained lake levels, which have been attributed 
to increased winter rains in the region. Interestingly, precipitation reconstruc
tion [1032] at Lunkaransar also showed a higher than present summer and 
winter rainfall, but the timing of the event is significantly different, with 
the reconstructed winter precipitation being higher during"" 5-3.5 14C ka 
("" 5.7-3.8 cal ka). This discrepancy is most likely attributable to the inade
quate chronological framework available prior to the work of Enzel et al. [278]. 
Freshwater conditions continued at Didwana until "" 4 14 C ka (4.5 cal ka) when 
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the lake dried briefly. Ephemeral, moderately saline conditions prevailed dur
ing the last 4.5 cal ka with almost annual shallow inundations of the lake 
during summer monsoon rains [1132]. While Enzel et al. [278] conclude that 
the lacustrine period at Lunkaransar ended and climate became drier since 
,..., 4.8 14C ka (,..., 5.5 cal ka), Singh et al. [977] reported other climatic fluc
tuations indicative of an arid period between 3.5-1.5 14C ka (,..., 3.8 - 1.4 cal 
ka) when no pollen was preserved and the lake was dry. Following the arid 
phase, reconstructed summer and winter rainfall nearly return to the levels 
present from 5.5-3.5 14C ka (,..., 5.7-3.8 cal ka) for about 500 years. For the 
past,..., 1 14C ka (,..., 929 cal years), the smoothed estimates of summer and 
winter rainfall are similar to present values [1032); however the chronological 
framework used by Swain et al. [1032) should be treated with caution in view 
of inadequate dating in the upper section of Lunkaransar sediments. In con
trast, the interval,..., 4.8-3 14C ka (,..., 5.5-3.2 cal ka) was the wettest period 
in the Nal Sarovar region [839], an inference also supported by studies on a 
core off the coast of Pakistan [658). The Nal Sarovar record indicated a short 
dry phase,..., 3.2 14C ka (3.4 cal ka). From 3 14C ka (,..., 3.2 cal ka) the trend 
towards aridity set in and the present day climate was established,..., 2 14C ka 
(,..., 1.9 cal ka) [839). 

A break in dune building was also reported from NW India between 13-6 
cal ka, indicating an annual precipitation of at least 250mm/yr. At ,..., 3 cal ka 
an extensive arid phase began with rapid dune building [976], [157]. Evidence 
of a stronger SW monsoon during early Holocene has also been reported from 
cores from Arabian Sea [980), [788]. 

12.3 Arabia 

Radiocarbon dating of lacustrine deposits from Rub' al Khali, Saudi Arabia 
suggest periods of high lake levels (Fig. 12.3) between,..., 9-6 14C ka (,..., 10.2-
6.8 cal ka) [704]. Farther to the north, organic deposits dated to 6.68 14C 

ka (,..., 7.6 cal ka), bracketed between aeolian deposits, were dated at Jubba 
(28°N, 400 56'E) by Gerrard et al. [368). Although the humid climate respon
sible for creating these lakes reached as far north as Jubba (28°N), it does 
not appear to have created fully lacustrine conditions at this site. Thus, the 
northern part of Arabia may have been somewhat less moist than the southern 
part during early and middle Holocene [885]. 

Several proxies (travertines, fluvio-Iacustrine deposits) from northern Oman 
(22°-25°N) document a Holocene wet phase that ended around 6-5.5 14C ka 
(,...,6.8-6.3 cal ka) [163], [144], [517). 

Summary 

The bulk of palaeoclimatic data on SW monsoon summarized above would 
indicate that though the early to mid Holocene « 11.5- 2: 6 cal ka) was 
characterized by intensified SW monsoon, it did not lead to sustained high lake 
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Fig. 12.3. Schematic representation of the palaeoclimatic data available from NW 
India (a) (1132), (b) (1032), (c) (278), (d) [839], and Arabia (e) (704) 

levels either in NW India or in Arabia. During this period a trend of decreasing 
moisture from south to north, indicated by a decline in extent and continuity of 
lacustrine deposits towards north, is consistent with a dominant SW monsoon 
source of precipitation. An early Holocene dry phase "" 11.5 cal ka has been 
reported by Wasson et al. [1132] but there is as yet not enough evidence 
from other sites to assess its regional/global significance. The NW Indian 
region also shows evidence of a short arid phase"" 7.8 cal ka which could 
possibly be correlated with early to mid Holocene transition (EMHT) [995] 
in other sites around the world. Interestingly, during the period "" 6-4.8 14 C 
ka ("" 6.8-5.5 cal ka), while Didwana and Lunkaransar lakes show high levels, 
a weakening of SW monsoon is suggested from lacustrine deposits of Nal 
Sarovar in the south [839]. The trend of decreasing moisture from north to the 
south in NW India would require a different source of precipitation from early 
Holocene, in all likelihood winter precipitation from the westerlies. A second 
phase of intensified SW monsoon, absent in Didwana and Lunkaransar, has 
been reported from Nal Sarovar ("" 5.5-3.2 cal ka) and Arabian sea core ("" 5-3 
cal ka; [658]). Subsequently, a gradual trend towards present day aridity, with 
climatic fluctuations of smaller magnitude, sets in. 
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12.4 Iran 

Lake Zeribar (35°32'N, 46°7'E) lies in the Zagros Mountains of western Iran. 
At the beginning of Holocene tropical diatoms were abundant [1133] j grasses 
(with low percentages of pistachio and oak) replaced chenopod-Artemisia as
semblage that culminated with the Younger Dryas. However, oak reached 
modern values (Fig. 12.4) only at "" 6 14C ka ("" 6.8 cal ka) suggesting an 
increase in humidity to modern levels [1090] , [337] . The tropical diatoms dis
appear"" 6 14C ka ("" 6.8 cal ka), indicating a decrease in temperature and 
sedge mats developed around the lake ~1133] . Isotope analysis of calcite from 
lake Zeribar sediments indicate low &1 0 values in the early Holocene, sug
gesting infrequent winter/spring rains. A higher mean &180 indicates an in
crease in precipitation during mid Holocene ("" 6.5-4.5 14C ka corresponding 
to "" 7.4-5.1 cal ka). The present climate of the region with high lake lev
els was established"" 4.5 14C ka ("" 5.1 cal ka). An apparent return to early 
Holocene conditions occurred between 4-3.5 14C ka ("" 4.5-3.8 cal ka) [1005]. 
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Fig. 12.4. Plot of selected pollen percentages from lakes Urmia [94] and Zeribar 
[1091) . AP: Arboreal pollen; NAP: Non arboreal pollen. 

The lake Mirabad (33°4'N, 47°43'E) record (single 14C date at 10.5 14C 

ka, corresponding to "" 12.5 cal ka), shows a vegetational development sim
ilar to that seen in lake Zeribar, suggesting that in the Zagros mountains 
the trees started to expand very slowly in post-glacial times, most proba
bly as a result of dry climatic conditions. The present day Zagros oak forest 
developed after"" 6 14C ka ("" 6.8 cal ka) [1091]. Early Holocene ostracod 
data from lake Mirabad sediments also indicate a low lake level phase, in 
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agreement with pollen data, but a rise in lake level is indicated only around 
'" 3.6 14C ka ('" 3.9 cal ka) [397]. Interestingly, both Zeribar and Mirabad 
show evidence of a relatively early advance of forests compared to onset of 
high lake levels, possibly related to precipitation/evaporation balance in the 
region. While higher winter precipitation allowed the re-advance of forests, 
higher evaporation did not allow lake levels to rise until later. Studies in 
lake Urmia (37°35'N, 45°05'E) showed a pattern of early Holocene vegeta
tion change analogous to that at Zeribar (Fig. 12.4) and Mirabad, though the 
arboreal pollen values never exceeded 20% on account of the regions' dry cli
mate. Sedimentological investigations indicated the presence of a playa type 
lake from'" 12-14 14C ka ('" 14-16.8 cal ka) (extrapolated date) until 9 14C ka 
('" 10.2 cal ka), following which a shallow saline lake persisted till '" 7.5 14C 

ka ('" 8.3 cal ka). Since then present day environments have persisted with 
evidence of smaller fluctuations [528]. 

12.5 Levant 

Pollen studies on cores from Ghab (35°41'N, 46°18'E), NW Syria indicated 
that the expansion of trees started", 11 14C ka ('" 13 cal ka), probably 
induced by a rise in humidity. By'" 9 14C ka ('" 10.2 cal ka) the area was well 
wooded, and the trees characteristic of a Mediterranean climatic regime were 
well established. By '" 6 14C ka ('" 6.8 cal ka) the proportion of deciduous 
oak pollen decreased to '" 20% as pine and the total tree cover diminished 
from the early Holocene maxima. The climate here at '" 9 14C ka ('" 10.2 cal 
ka) was wetter than at '" 6 14 C ka ('" 6.8 cal ka) [1092]. It must however be 
noted that with only two radiocarbon dates available from the Holocene (one 
around", 10 14C ka and the second", 3.6 14C ka) caution must be exercised 
during interpretation. 

Pollen studies on cores from lake Hula ('" 33°N, 35°37'E) (Tsukada cited 
in [77]) indicate an expansion of open vegetation at the expense of oak for
est during 10-7 14C ka ('" 11.4-7.8 cal ka). This was attributed to a greater 
dryness probably caused by a rise in temperature, insufficiently compensated 
by a rise in precipitation. After 7.4 14C ka ('" 8.2 cal ka) the forest expanded 
again probably as a result of increase in precipitation. The arboreal pollen 
declined again'" 4.5 14C ka ('" 5.1 cal ka). 

There is evidence of substantially wetter conditions in the Negev Desert 
(Fig. 12.5) during 9.7-7 14C ka ('" 11.2-7.8 cal ka) with the southward exten
sion of the wet zone (3 times higher annual rainfall) in the desert region [387]. 
An extension of Mediterranean climate to the south has also been reported 
by Horowitz [467] during'" 9-7.5 14C ka ('" 10.2-8.3 cal ka), with abundant 
Pre-Pottery Neolithic sites and higher arboreal pollen (AP) values. Following 
this is a period of climate deterioration", 7-6 14C ka ('" 7.8-6.8 cal ka), with 
northward expansion ofthe desert by as much as 200km [467]. Available data 
on lake level changes from the Dead Sea region also indicates higher lake lev-
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Fig. 12.5. (a) Schematic representation of southward migration of C4 plants (green 
bars) in Negev during Holocene [387], (b) synthesis of arboreal pollen (AP) factors 
from various archaeological sites in Israel, relative to present [467] . Blank spaces 
indicate absence of data. 

els with the deposition of marls during early Holocene, followed by period of 
lower levels between", 7-6 14C ka ('" 7.8-6.8 cal ka), at least in southern part 
of the Dead Sea [348]. During 6.5-3 14C ka ('" 7.4-3.2 cal ka) the northern 
limit of C4 plants was 20 km south of its present position [387]. Corroborative 
evidence of favourable climatic conditions (",6.5-4.7 14C ka) is provided by 
higher AP values. Following a sharp fall in AP '" 4 14C ka ('" 4.5 cal ka), the 
values increase again'" 4-3 14C ka ('" 4.5-3.2 cal ka) [467]. A drop in arboreal 
pollen curve is thought to indicate a dry and perhaps warm climate while a 
peak is thought to indicate humid and possibly cool conditions [466]. 013C 
measurements on snail shells from the northern Negev Desert also indicated 
that the northern limit of C4 shrubs was shifted 20-30 km south of its present 
position during'" 4-3 14C ka ('" 4.5-3.2 cal ka), implying wetter than present 
conditions in the northern Negev [387]; however, salt tongues have been re
ported from the southern Dead Sea basin during'" 3.9-3.3 14C ka ('" 4.4-3.5 
cal ka) [348]. The final fall in AP values began'" 3 14C ka ('" 3.2 cal ka) 
[467]. The evidence from these sites would point to a north to south decrease 
in precipitation, implying a southward shift of isohyets. 
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Isotope studies (0180 and 013 C) on speleothem samples from Soreq cave 
(31.6°N, 34.7°E), Israel [43] indicate a cold event corresponding to Younger 
Dryas. The Holocene optimum ('" 8.5-7 cal ka) produced lowest 0180 and 
highest 013 C values. There appears to be a discrepancy with the timing of 
early Holocene optimum from the Dead Sea and riorthern Negev but it is 
presently unclear if this is related to probable hard water effect in radiocarbon 
dated snail shells or any other cause. A cooling event at 8.1 cal ka was marked 
by a sharp decrease in 013 C values (from -4 to -11%0) and a reduction in 
0180 (by'" 1%0). Many small isotopic fluctuations were observed since'" 7 
cal ka. The 013C and 0180 values reach their isotopic values of present day 
speleothems '" 4 cal ka. 

Summary 

The eastern Mediterranean region (Levant and Iran) would appear to show 
some contrasting lines of evidence. In the coastal regions, with the excep
tion of lake Hula, early Holocene ('" 11.2-7.8 cal ka) is marked by wetter 
climate (evidence from Dead Sea, pollens and isotope studies on snail shells 
and cave deposits) while lakes in the interior Zagros mountains show an effec
tive increase in humidity only after'" 6.8 cal ka, with higher lake levels being 
attained still later . Changes in climatic regimes'" 8 cal ka have been reported 
from the coastal Mediterranean region. Interestingly, the termination of the 
Holocene climatic optimum was not a single event. It was rather marked by 
a series of small oscillations with a final trend towards present day aridity. 

12.6 North Africa 

A summary of Holocene palaeoclimate northern Africa is presented here. Addi
tionally, several regional syntheses detailing various aspects of late Pleistocene 
and Holocene palaeoclimatic changes in Africa are also available [765], [613], 
[792], [361]. 

In the regions presently influenced by, or close to Mediterranean regime, 
the following sites have been studied in detail. Along the northern edge of 
the Great Western Erg, Algeria, shallow water bodies persisted from '" 9.3-
3 14C ka ('" 10.4-3.2 cal ka) in several closed depressions of the Hammada 
Plateau (31°-31°40IN, 1°-2°301E). The water table ofthe Great Western Erg 
was, at least during this period, about 50 m higher than today. ZnjMg ratios 
suggest that the major water supply was the aquifer of the Great Western Erg, 
rather than the surface waters from the Atlas mountains. An arid phase'" 8.2-
7.2 14C ka (",9.2-8.0 cal ka) is indicated by the presence of gypsum [363]. 
Numerous dates along the Saouara indicated higher levels ",9-7.7 14C ka 
('" 10.2-8.4 cal ka) and again from'" 6.3-4 14C ka ('" 7.2-4.5 cal ka) [181], 
[9]. Lake Tigalmamine (Fig. 12.6) (32°541N, 5°211W), in the Middle Atlas 
of Morocco records an arid phase", 10 14C ka ('" 11.4 cal ka) followed by 
onset of lacustrine conditions slightly before", 9 14C ka ('" 10.2 cal ka). 
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Fig. 12.6. Schematic representation of lake level fluctuations from selected sites in 
N. Africa. (a) [576] , (b), (c), (e) [145], (d) [360], (f) [377] . 

Following a major shallow water phase '" 7 14 C ka ('" 7.8 cal ka), higher lake 
levels continued till 4.5 14C ka ('" 5.1 cal ka), when another shallow water 
phase is observed [576]. Lacustrine deposits dated from'" 9.2 to < 6.2 14C ka 
('" 10.3-7.0 cal ka) have also been reported from upper valley ofthe Moulouya, 
Morocco (Lefevre (1985) in [363]). In Sebkha Mellala, northern Algeria, the 
interval 10.6-10.3 14C ka ('" 12.7-12.2 cal ka) has the highest 0180 values and 
is considered to be the period of greatest local aridity. Arid conditions ended 
suddenly'" 9.3 14C ka with the establishment of a lake which was maintained 
until '" 7.5 14C ka ('" 8.3 cal ka) when a drought was registered by a palaeosol. 
A second lacustrine episode is dated between'" 7.2-4.9 14C ka ('" 8-5.6 cal 
ka) [364], [322]. Shallow water/swamp deposits dated to", 9.3 14C ka ('" 10.5 
cal ka) and between 5-3 14C ka ("-' 5.7-3.2 cal ka) have also been reported 
from Ghadames, near the southeastern part of Great Eastern Erg [818]. 

Farther southwards, during the period 12-8 14C ka ("-' 14-8.8 cal ka), the 
Saharan highlands of Tibesti, AIr, Tassili and Hoggar experienced wet phases 
contemporaneous with the formation and expansion of lakes along the south
ern fringes of Sahara and in East Africa [765]. The rivers on these massifs, 
which had previously carried coarse sand and gravel, began depositing fine 
grained and well sorted alluvium indicative of denser vegetation cover, in
creased and less seasonal rainfall and less erosive flow; perennial marshes 
formed in the rivers' plains. Rognon [904] interprets these stream deposits 
as evidence that these regions regularly received both winter rains of north-
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ern origin, represented in Tibesti by the Middle Terrace dating from 13.7 to 
7.4 14C ka (",,16.4-8.2 cal ka) [417], [790], and summer tropical rains; the 
presence of both Mediterranean and tropical pollen supports this conclusion 
(detailed references in [765]). Runoff from the tropical rains activated wadis 
on the southern flanks of Tibesti and contributed to the waters of lake Chad 
until 7 14C ka ("" 7.8 cal ka). Maley [681] concludes that tropical depressions 
were responsible for bringing rains in central Sahara during"" 8-6.5 14C ka 
("" 8.9-7.4 cal ka), subsequent to which the monsoon rains dominated up to 
"" 4.4 14C ka ("" 5 cal ka). However, evidence is as yet unclear about exactly 
when the winter rains ceased in Tibesti. According to Rognon [904] (cited 
in [765]) lakes in the northern part of the Tibesti were surrounded by a mix
ture of Sahelian and Mediterranean vegetation around 5.3-5.1 14C ka ("" 6-5.7 
cal ka). 

The runoff from the Tibesti Massif ceased to reach palaeolake Chad for 
a brief period"" 7 14C ka ("" 7.8 cal ka) and both the pollen profile and 
sedimentation rate in the lake changes markedly [681]. As elsewhere, there 
are signs of an arid millenium "" 7 14C ka ("" 7.8 cal ka) in Tibesti and AIr, 
when rivers began depositing large and badly sorted material characteristic of 
a drier climate with a shorter more pronounced rainy season, and stream flow 
from Tibesti into lake Chad ceased at about the same time. In Chad fresh 
water diatoms disappeared and vertisol soils developed. Between 7-6 14C ka 
(7.8-6.8 cal ka) the surface of lake Chad rose rapidly, maintaining its high 
stand until "" 4 14C ka ("" 4.5 cal ka) (Fig. 12.6) but the lake was smaller than 
during the previous humid period prior to "" 7 14C ka ("" 7.8 cal ka) [957]. 

In western Sahara, a lacustrine phase"" 8.3-6.5 14C ka ("" 9.4-7.4 cal 
ka) terminated the late Pleistocene arid phase in Sebkha Chemchane (21°N, 
12°W), Mauritania [613], with the vegetation indicating a northward shift of 
the Sahelo-Sudanian vegetational elements to"" 21°N [612]; this shift is similar 
than that recorded in the eastern Sahara [881], [882]. Traces ofthis Holocene 
wet episode are also seen in other sites in Mauritania [180] where there ap
pears to be evidence of multiple lacustrine phases. Malian Sahara also showed 
evidence [817] of Holocene lacustrine phase beginning"" 9 14C ka ("" 10.2 cal 
ka) though the highest lake levels were reached only between"" 8.5-6.7 14C ka 
("" 9.5-7.6 cal ka), when the lakes became permanent. Climatic deterioration 
began as early as "" 6.7 14C ka ("" 7.6 cal ka). All sedimentary and biologi
cal data point to a deep change in precipitation/evaporation at"" 6.7 14C ka 
("" 7.6 cal ka) as the climatic deterioration began, though the lakes persisted. 
The end ofthis humid phase came at"" 4.5 14C ka ("" 5.1 cal ka) [817]. Far
ther to the north (22°-23°N), a similar sequence of events is reported from 
palaeolakes in the Toudenni area [291]. At Bougdouma (13°19/N, 11°40/E), 
southern Niger, at "" 10 14C ka ("" 11.4 cal ka), diatoms indicate a brief episode 
of very shallow saline-alkaline conditions. From"" 9.7 14C ka ("" 11.2 cal ka) 
the establishment of an early Holocene freshwater lake is registered by both 
diatoms and stable isotopes. The freshwater lake persisted until "" 8-7 14C ka 
(",,8.9-7.8 cal ka) when the salinity began to fluctuate [364]. Farther to the 
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north (I5°-16°N) in Niger, lake sediments dated"" 9.2-4 14C ka ("" 10.3-4.5 
cal ka) have been reported [227], [958], [180]. At Adrar Bous ("" 200N, 9°E) 
in northern Niger, prior to 9.7 14C ka (11.2 cal ka), a rapid rise of the wa
ter table resulted in the formation of a lake. For the interval < 8.4 14C ka 
« 9.4 cal ka) to < 7.5 14C ka « 8.3 cal ka) stable freshwater conditions ex
isted. In the cores raised from an interdunal depression near the northwestern 
modern shore of lake Chad, the sediment profiles showed a lacustrine episode, 
with rather deep fresh to slightly saline water between:::; 10.3 14C ka (:::; 12.2 
cal ka) and :::; 8.9 14C ka (:::; 10 cal ka). This episode is followed by a dessi
cation phase recorded by a sand horizon overlain by a palaeosol dated at 6.4 
14C ka ("" 7.3 cal ka) [322]. 

Freshwater lacustrine sediments dated between"" 8.8-5 14C ka ("" 9.8-5.7 
cal ka), have been reported along the course of a 500km long extinct wadi in 
eastern Libya, extending from Serir Tibesti in southern Libya into Serir Calan
scio [791]. In the southern Libyan Desert an arid interval ended"" 9.5 14C ka 
("" 10.7 cal ka); from 8.5 to "" 6 14C ka (9.5 to"" 6.8 cal ka) several playa lakes 
existed (references in [765]), partly sustained by runoff from Tibesti. Between 
10-7.1 14C ka ("" 11.4-7.9 cal ka) the western part of the Libyan Desert had 
an environment characterized by widespread, shallow, swamp-like water bod
ies [791]. Early Holocene wet phases represented by playa deposits have also 
been reported from Western Desert ("" 22°N) of southern Egypt [1151]. In an 
extensive study of playa valleys of the Gilf Kebir Plateau (23°N, 25°E) south
west Egypt, Kropelin [558] indicated that the period"" 9-6 14C ka ("" 10.2-6.8 
cal ka), was generally arid with rare heavy rains creating temporary water 
pools, and weak soil formation. Between ",,6-5 14C ka ("" 6.8-5.7 cal ka) the 
climate regime became moderately arid, probably due to additional westerly 
winter rains. 

From 9.5-4.5 14C ka ("" 10.7-5.1 cal ka) the lower wadi Howar, an extinct 
tributary of Nile linking the presently arid western part of upper Nubia in 
northern Sudan to the Nile, flowed through an environment characterized by 
widespread groundwater and run off supported lakes and swamp environments 
with freshwater molluscs, ostracods and diatoms and rich savannah mammal 
fauna [793]. Numerous radiometric dates for lacustrine deposits in the Sudan 
indicate that the lakes filled the pans near Jebel Aulia south of Khartoum from 
8.4-7 14C ka ("" 9.4-7.8 cal ka) and existed near Kosti between 11.3-8.4 14C 
ka (13.2-9.5 cal ka) (references in [765]). Sediment and pollen studies of the 
Oyo depression (19°16'N, 26° l1'E), NW Sudan [881] and oflacustrine samples 
from Selima oasis (21°22'N, 29° 19'E) and El'Atrun (18°lO'N, 26°39'E) [882] 
suggest the presence of a major pluvial episode"" 9-4.5 14C ka ("" 10.2-5.1 cal 
ka) in the region. The steep gradient of summer precipitation which occurs 
from 12° to 17°N today was displaced 4° to 5° northward during 10-5 14C ka 
("" 11.4-5.7 cal ka), indicating a deeper, northward penetration of monsoon 
rains [882]. This was also supported by the trends of Mg/Ca and Sr/Ca ratios 
of lake carbonates in western Nubia which increased with higher latitudes 
indicating a trend of decreasing humidity to the north [792]. Stable isotope 
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studies on mollusc shells imply the extension of summer monsoon rainfall to 
21°N [3]. Traces of the Holocene wet episode have also been reported from 
Egypt [794], [558]. In the Western Desert of Egypt the onset of Holocene wet 
phase has been dated to 9.4 14C ka ("" 10.6 cal ka) [1151]. Based on the size 
of freshwater lakes and faunal remains, Pachur and Hoelzmann [792] have 
indicated a west to east trend of decreasing rainfall in the eastern Sahara. 
In Central Sudan early Holocene, till 8 14C ka ("" 8.9 cal ka), was marked 
by humid conditions that promoted the occurrence of floods along the Nile 
floodplain, with the development of palustrine areas close to the present Blue 
Nile river bed. Between"" 8-7 14C ka (8.9-7.8 cal ka), a reduction in humidity 
is recorded by a drop in the flooding levels of the Nile [586]. After"" 7 14C 
ka ("" 7.8 cal ka) the height of the Nile flood again increased. The flow ofthe 
Blue Nile after"" 7 14C ka ("" 7.8 cal ka) changed to a regime more indicative 
of more arid conditions and more torrential rains, but floods were still "" 5 m 
or more above the present level until some four thousand years ago; until then 
the river was still a sinuous and suspended load channel, indicating a less arid 
rainfall regime (references in [765]). 

Farther to the east, overflow of lakes Victoria and Albert soon after 12.5 
14C ka ("" 14.7 cal ka) brought dramatic changes to the lower White Nile 
Valley. By 11.5-11 14C ka ("" 13.5-13 cal ka), the White Nile was up to 5m 
higher and 2Q-40km wider than today [1162]. Previously mobile dunes became 
vegetated and many dunes became wholly or partly buried beneath the fluvio
lacustrine clays of the terminal Pleistocene White Nile. Buried shell beds and 
strandlines indicate a sudden and rapid regression of the vastly expanded 
terminal Pleistocene White Nile between ""11-10 14C ka (",,13-11.4 cal ka), 
COinciding with the temporary closure of lake Victoria. The stable carbon 
and oxygen isotopic composition of freshwater gastropod shells in the lower 
White Nile region is consistent with a stronger summer monsoon towards 
8.5-7 14C ka (",,9.5-7.8 cal ka). There were renewed episodes of major flooding 
superimposed on the overall fluvial downcutting and a regional climatic trend 
towards renewed aridity in the . latter half of the Holocene. Peak floods are 
evident toward 9.5 14C ka ("" 10.7 cal ka), and again between 8.5-7 14C ka 
("" 9.5-7.8 cal ka), with less extensive flooding episodes at 7, 5.5, 5, 2.7 and 
2-1.5 14C ka (7.8, 6.3, 2.8, 1.9-1.4 cal ka respectively) [1161]. 

An early Holocene wet phase from east African lakes has been described 
by Butzer et al. [145]. The maximum level was attained by lake Turkana"" 9.5 
14C ka ("" 10.7 cal ka) (Fig. 12.6) and the lake level fluctuated between +60 
to +80m until a little after 7.5 14C ka (8.3 cal ka) when the lake shrank to its 
present dimensions. A second transgression began shortly before 6.6 14C ka ("" 
7.5 cal ka) and reached a high level of +65 to +70m about 6.2 14C ka (7 cal ka). 
This level was maintained till "" 4.4 14C ka ("" 5 cal ka) and was followed by a 
temporary regression of unknown amplitude and a final transgression to + 70 m 
a little before 3 14C ka ("" 3.2 cal ka). Since then lake Turkana has maintained 
a lower level. In the Eastern Rift Valley, just south of equator, three basins of 
internal drainage within the valley contain small lakes: Naivasha, Elmenteita 
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and Nakuru. Radiocarbon dating of material from lake Nakuru (Fig. 12.6) 
provided an estimate of two major transgressive phases during Holocene; the 
older one between", 10-8 14C ka ('" 11.4-8.9 al ka) when the lake level was 
+ 180 m above the level and a later one between '" 6-4 14C ka ('" 6.8-4.5 
cal ka) when the shoreline was +49m above present. The two transgressive 
events are clearly separated by a disconformity suggesting a period of lower 
lake level. Lake Naivasha showed a single transgressive phase from'" 9.2-5.6 
14C ka ('" 10.3-6.4 cal ka), which resulted in substantial overflow from the 
outlet 60m above the basin. Lake Victoria began to rise about", 12 14C ka 
('" 14 cal ka) [529] at which time forest vegetation first appeared around the 
northern lake margins, but for a short time'" 10 14C ka ('" 11.4 cal ka) the 
lake level may have fallen to 12 m below its present level. Between 9.5-6.5 14C 

ka ('" 10.7-7.4 cal ka) lake Victoria was full with an evergreen forest along 
its shores. A slightly drier or more seasonal climate is indicated by a shift to 
semi-deciduous forest at 7-6 14C ka ('" 7.8-6.8 cal ka) while a reduction of 
forest cover about 3-2 14C ka ('" 3.2-1.9 cal ka) probably indicates a drier 
climate. 

During the peak of the early Holocene lacustrine episode the lakes in the 
Afar territory were also deeper and larger. Lake Abbe (Fig. 12.6), situated at 
the downstream end of the perennial Awash river records the climatic fluctu
ations in the Ethiopian highlands as well as in the Afar. An early Holocene 
transgression is documented between'" 10-8 14C ka ('" 11.4-8.9 cal ka), com
parable to that documented from other east African lakes. A well defined 
regression was registered at '" 8-7 14C ka ('" 8.9-7.8 cal ka) in lake Abbe. 
This was followed by another transgression that lasted till about'" 6 14C ka 
('" 6.8 cal ka) when the lake's levels began to fluctuate and fell from", 4 14C 

ka ('" 4.5 cal ka) until the lake dried out. Several minor fluctuations followed in 
late Holocene but the deposits were mainly clastic and productivity remained 
very low [360]. Studies [362] on lake Asal ('" 11°37'N, 42°25'E) indicated pre
cipitation of high Mg-calcite in a deep fresh water lake between 8.6-6 14C ka 
('" 9.5-6.8 cal ka), following an arid terminal Pleistocene phase. However, this 
lake did not show any evidence of a mid-Holocene arid phase ('" 8-7 14 C ka; 
",8.9-7.8 cal ka) as at other sites in Africa. The authors suggest that since 
the lake was fed almost exclusively by groundwater, the effects of short term 
climatic fluctuations could have been damped. At '" 6 14C ka ('" 6.8 cal ka) a 
sudden drop in water level is seen, probably linked to rift opening, enhanced 
by a decrease in groundwater supply by clay sealing in upstream basins. From 
'" 5 14C ka ('" 5.7 cal ka) the lake experienced only minor level variations 
[362]. The palaeolake Ziway-Shala showed a major regression'" 10.4 14C ka 
('" 12.3 cal ka); the subsequent transgression lasted until '" 8.5 14C ka ('" 9.5 
cal ka), when the lake level began to fall. Another period of low lake level 
was recorded around 7.8-7.2 14C ka (",8.6-8 cal ka). This was followed by 
lacustrine silts of the succeeding transgression that continued up to 5 14C ka 
('" 5.7 cal ka) with a short regression around 5.9 14C ka ('" 6.7 cal ka) [377]. 
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Summary 

The interpretation of palaeoclimatic data in Sahara is complicated by the fact 
that many of the early to mid Holocene water bodies were recharged by pre
cipitation in distant highlands and do not reflect local conditions; additionally, 
such sites may show a 'damping' of rapid climatic changes. Nevertheless, an 
early to mid Holocene 'green' Sahara is evidenced by numerous palaeolakes, 
faunal and floral remains, and northward migration of Sahelian vegetation pat
terns (see e.g., [613], [792], [361]). An arid event", 8 cal ka is reported from 
several sites [361] though its manifestation in eastern Sahara is, probably due 
to inadequate chronological framework, not very well defined. A second arid 
event", 4.2-4.0 cal ka has also been reported from several sites in Africa [361] 
but its geographical extent needs to be better documented. 

12.7 Discussion 

We shall now attempt to put together a coherent picture of the Holocene 
palaeoclimatic changes in the Saharo-Arabian desert and discuss the implica
tions for the past atmospheric circulation patterns. In view of the limitations 
imposed by the inadequate chronological framework, large gaps between sites, 
and quantitative data, the description must necessarily remain qualitative. 

The present day climate in the region is influenced by (i) westerly rain 
bearing depressions whose paths are steered by the Subtropical Jet Stream 
(SJT), and are responsible for bringing in rains in the Mediterranean region 
during the winter, (ii) the Siberian high-pressure system in the north-east also 
in the winter, (iii) the subtropical high pressure system, associated with the 
descending limb of the Hadley cell circulation, and (iv) the summer monsoon 
in the southern part of the desert belt [1159]. Additionally, moisture sources 
(Mediterranean and Arabian Sea) and orographic features (e.g. highlands of 
Tibesti) also playa role. Ramaswamy [853] has indicated the role of jet stream 
in producing large scale convection in the subtropics wherever it over-runs on 
its equatorward side, moist air possessing a high degree of latent instability 
(e.g. from Arabian Sea, [829]). Presently there is no overlap between the zones 
of summer monsoonal and winter cyclonic rains but the Holocene palaeocli
matic record provides some interesting insights. 

Following an early Holocene arid phase, both the northern and southern 
regions of the present day desert experienced an early Holocene wet phase, 
though the regimes responsible for bringing in the rains were different. The 
northern margins were characterized by higher winter precipitation, while 
around the same time a deeper penetration of monsoon rains in the desert belt 
from the south is also seen. A tentative picture of the latitudinal extension 
of summer and winter rains can be obtained based on the stable isotopes, 
pollen data and the gradient of palaeoprecipitation, with analogy to sources 
and trends of modern precipitation. 
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Evidence of a stronger early Holocene summer monsoon is seen in Arabian 
sea cores [980], [788], NW India [977], [1132], [278] and higher lake levels in 
southern Arabia [704]. A clear trend of decreasing moisture towards the north 
in these regions indicates that these wet phases resulted from a strength
ened summer monsoon. As yet there is no evidence of higher winter rains in 
this region during early Holocene. Currently available data indicates that the 
monsoon influence reached", 28°N in NW India and Arabia though the time 
of maximum latitudinal extent seems to be earlier in NW India. Evidence 
from N. Africa also points to a strengthened monsoonal circulation with the 
Sahel-Sudanian vegetation extending to '" 21°N [612] and extensive lakes 
developing in Mauritania [613] and Mali [817]. The Nubian Desert was char
acterized by wadis, groundwater and run-off supported lakes and rich fauna 
with evidence pointing to a trend of decreasing moisture to the north, and to 
the east [792], [3]. The monsoon influence probably did not reach much beyond 
'" 21°N in the eastern Sahara. Indirect evidence of this was also provided by 
Kropelin [558] who indicated that the early Holocene ('" 10.2-6.8 cal ka) was 
generally dry in the Western Desert of Egypt at 23°N. 

There exists a 'blank zone' between", 21°N and", 28°N in the northern 
Sahara seemingly with scarce palaeoclimate data. Guo et al. [412] indicated 
that they did not find any significant palaeolake deposits in this region. The 
few available sites are either in highlands or are fed by precipitation on high
lands. This region would appear to have been drier during the early Holocene, 
a reduced version of the desert that exists today. 

Along the northwestern margin of Sahara too an early Holocene wet 
phase, beginning before", 10.2 cal ka has been documented [363], [322], [576]. 
Saouara indicated higher levels '" 10.2-8.4 cal ka. Although unequivocal evi
dence of winter rains from these sites is not always present, major hydrological 
changes at sites 28° -32°N, in regions presently supplied by winter precipita
tion on the Atlas and other northern Sahara highlands, cannot be attributed 
to summer monsoons, particularly in view of the evidence from Sahara-Sahel 
margin which clearly indicates that northward extension of significant mon
soon precipitation was limited to '" 21 oN. On the contrary, it would appear 
that the early Holocene winter rains extended as far southwards as '" 21°N 
and have been reported from Tibesti [681], Hoggar and Tassili (Rognon [904] 
cited in [765]). Information about the longitudinal extent of these winter rains 
is scarce but the trend seems to be of decreasing winter rainfall to the east, 
similar to that seen today. The subtropical jet stream (SJT) would appear 
to have been southwards of its present position though its precise location in 
N. Africa cannot as yet be determined with certainty. 

In the Levant too the early Holocene was characterized by wet conditions 
with a southward extension of the Mediterranean zone [467], [387] in coastal 
regions to about'" 31 oN. Pollen reconstruction from lake Hula is an exception 
(T. Tsukada in [77]), but in view of the multiple evidence of wetter conditions 
in the coastal Mediterranean sites we believe lake Hula deserves further study. 
Interestingly, lakes from interior continental sites in Iran indicate a drier early 
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Holocene climate [337], [1005], [397]. This probably resulted from the blocking 
of the more northerly storms tracks responsible for bringing winter/spring 
rains to Iran [1005], possibly related to the strengthened winter outflow of cold 
air from Eurasian landmass. The pressure gradient created by lower winter 
temperatures may have acted to block the eastward movement of depressions 
into interior areas [885]. 

An arid event f'V 8 cal ka, marked by falling lake levels, evaporite de
posits and the extension of desert zones, is widely represented in the entire 
Saharo-Arabian region, though its manifestation in eastern Sahara is not very 
pronounced. This event can be correlated with the well known early to mid 
Holocene transition (EMHT) [995]. 

The time interval f'V 6-5 14C ka (6.8-5.7 cal ka) shows some interesting 
variations. During this period when the sites farther south in Arabian Sea 
and Arabia indicated weakening of the monsoon, the northern lakes Didwana 
and Lunkaransar in NW India showed sustained high lake levels. Nal Sarovar 
(f'V 23°N), to the south of these lakes, however showed a relatively dry climate 
with evenly distributed rainfall. In contrast to early Holocene, this interval 
showed a clear trend of decreaSing rainfall to the south, suggesting the pos
sibility of higher winter rainfall in the northern part of NW India, possibly 
caused by the increased activity of the SJT. In Near East, during f'V 6.5-3 14C 
ka (f'V 7.4-3.2 cal ka), a re-establishment of the Mediterranean climate zone, 
though not as well marked as during the early Holocene, was also observed 
[467], [387]. In the Zagros mountains, the oak forests were established only 
after 6 14C ka (6.8 cal ka), suggesting an increase in humidity [1090]. Wetter 
periods have also been reported from sites in/bordering Mediterranean Africa 
[765], [576]. Probability of higher winter rainfall during 6-5 14C ka (6.8-5.7 
cal ka) has also been reported from southern Egypt (23°) by Kropelin [558]. 
All evidence from the subtropical regions points to a strengthening of the 
SJT f'V 6 14C ka (f'V 6.8 cal ka) in these areas. The nature of the 'trigger' 
causing this climatic shift is presently unclear. Could it have been related to 
the weakening of winter outflow of cold air from the Eurasian landmass? Such 
a weakening could have permitted an eastward movement of more northerly 
depressions and would explain the Similarity between the palaeoclimate data 
from coastal and interior Mediterranean region. It does not, however, explain 
the enigma of higher winter rains at sites f'V 28°N in NW India. Did the sea 
level rise during early to mid Holocene, that resulted in large continental ar
eas of NW India being inundated [838], playa role by acting as a secondary 
source of moisture? As yet this remains a speculation. More data is required 
to resolve this climatic shift. After f'V 5-4 14C ka (f'V5.7-4.5 cal ka), a gen
eral trend towards aridity, punctuated by several wetter and drier phases of 
smaller magnitude, sets in. 

The above discussion while highlighting the role of orbitally induced in
solation changes in governing the early Holocene climate [571], [1021] also 
indicates its limitations in explaining the whole picture. While the variations 
in orbital parameters are smooth, the palaeoclimatic data indicates several 
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abrupt short term climatic changes, notably the widely documented ~ 8 cal 
ka event. The trend towards aridity was also punctuated by several short term 
climatic fluctuations, not all of which are regionally correlatable. It would 
appear that there are other 'internal' factors (e.g., vegetation, sea surface 
temperatures, growth and decay of ice sheets) operating within the system 
that amplify and/or modify external solar forcing. Notably, the role of veg
etation, atmosphere and ocean interactions in influencing the climate during 
mid Holocene has been emphasized by climate modelers [355], [167]. However, 
gaps in palaeoclimate data, as well as its inadequate quality, remain a major 
constraint. In particular, the Near East and SW Asia need to be the focus of 
future palaeoclimatic investigations. 
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Transfer Functions for Paleoclimate 
Reconstructions - Theory and Methods 

Thomas Kumke, Christian SchOlzel and Andreas Hense 

Summary. In this chapter, all within the KIHZ-community used methods for deriv
ing transfer functions in order to reconstruct paleoclimatic variables are introduced. 
The aim is to provide the conceptual and statistical background of the methods 
which are used throughout this book. A short review is given on the use of probabil
ity density functions in paleoecology. We then focus on linear and non-linear regres
sion methods, among them are weighted averaging, weighted averaging partial least 
squares regression, both frequently used in paleolimnology, as well as neural network 
regression, which is recently used in pollen-based paleoclimate reconstructions. In 
addition, we review some of the validation methods for transfer functions. 

13.1 Introduction 

The Earth's climate system is defined as the coupled system of atmosphere
ocean-cryosphere-biosphere-lithosphere. The whole system, as well as the 
separate subsystems, can be treated as a stochastic system. Therefore, if one 
considers data from one subsystem to deduce the properties of one of the other 
subsystems, one faces a statistical problem. For example, data recovered from 
the biological subsystem from paleo time periods constitute the proxy data 
from which properties of the physical subsystems like oceanic or atmospheric 
temperature will be deduced. The most general way to describe the joint 
information of the two data types is the analysis of the joint probability density 
function (pdf) between the two variable types (proxy Y and physical X). Only 
in case that this joint pdf P(Y, X) can be described as the product of the two 
marginal pdfs rd(Y) and rd(X) i.e.: 

P(Y, X) = rd(Y) x rd(X) (13.1) 

the two data sets are independent and a reconstruction of the physical climate 
information from the proxy climate data is not possible. 

The joint pdf P(Y, X) is most conveniently described in terms of the con
ditional pdf's 
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cond{Y I X) = ~~~) (13.2) 

and 

cond{X I Y) = ~~~~) (13.3) 

Equating both expression leads to the famous Bayes theorem 

cond{X I Y) = cond{Y ~:~)x rd{X) (13.4) 

Now one can define the conditional pdf's as the most general transfer 
functions. Equation (13.2) describes the probability of finding the non-physical 
subsystem in state Y given that the state of the physical subsystem is X. Such 
a statistical description is the tool necessary for connecting recent observations 
in Y with the recent climate. Equation (13.3) describes the probability of 
finding the physical system in state X given that the non-physical system is 
state Y. This is the necessary information for obtaining the reconstruction 
of X from a given paleo observation Y. The Bayes theorem (13.4) allows 
the derivation of this reconstruction transfer function cond{X I Y) from the 
information of the recent data. 

In the following, several approaches to derive transfer functions are pre
sented. First, we give a short introduction to the use of probability density 
functions in paleoclimate reconstructions, especially in terms of the differences 
to other methods. It will be shown, that it is a generalization of standard 
methods like linear regression, weighted averaging technique or artificial neu
ral network regression. Linear regression methods assume a linear response 
between Y and X, whereas weighted averaging (WA) and weighted averaging 
partial least squares regression (WA-PLS) methods estimate the conditional 
expectations values of Equations (13.2) and (13.3) assuming Gaussian dis
tributions. Another approach, which allows for nonlinear relations between Y 
and X is neural network regression analysis and is used mainly to find transfer 
functions from the data of plant distributions and climate. However, whether 
a neural network estimates the expectations remains unclear. Besides the eval
uation of these methods, validation techniques for the transfer functions such 
as bootstrapping and jackknifing are discussed. 

The aims of this paper are to review several techniques to obtain transfer 
functions for paleoclimate reconstructions and to provide the methodological 
background to the methods used within the KIHZ-community (e.g., [567] and 
[1185]). 
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13.2 Methods 

13.2.1 Probability Density Functions 

The approach of using probability density functions to reconstruct past cli
mate is less known, but becomes quite popular. The relationship between 
two random variables, climate X and proxy Y, retains its stochastical nature 
as it is treated as a conditional probability density function cond(XIY) or 
cond(YIX). 

Methods using a classical transfer function f : Y f---7 X estimate this 
relationship f from climate and proxy data in terms of conditional expectation 
values E(XIY) or E(YIX). The climate reconstruction Xo is hence the most 
probable climate state Xo = f(yo) = E(XIY = Yo) with a value of Yo for 
the fossil proxy data. This is mostly done by assuming normally distributed 
random variables X and Y, represented by using a least square fit. 

The strict relationship between X and Y is enhanced when the transfer 
function is expressed as a conditional probability density function cond(XIY). 
For every value Yo of the proxy variable Y this conditional probability den
sity function is a probability density function for the climate variable X for a 
specific value of Y, namely Yo. The reconstruction therefore consists not in a 
single expectation value but in a probability density, which is given in param
eterized form, usually as normal distribution. Such a reconstruction does not 
only provide the most probable climate state, it also points out how probable 
a reconstructed climate state is in comparison to other climate states. For 
example, assuming adequate parameterizations, bimodal distributions could 
be handled, in which case methods dealing with expectation values would fail. 

An important aspect is the selection of the variables to be reconstructed, 
especially their number, i.e. the dimension of X. The reconstructed variable X 
needs not to be one-dimensional, however, an increasing number of dimensions 
would cause an exponential increase in the complexity of the problem ("curse 
of dimension"). It is sensible to pool the raw climate variables, for example 
monthly temperature and precipitation, to build problem-orientated variables 
like summer temperature, winter temperature, annual precipitation, etc. 

The application to fossil proxy data focuses on a further item, as namely 
the essential question how to estimate the final transfer function in terms of a 
probability density function cond(XIY). At this point the various applications 
clearly diverge depending on the sort of proxy data. In most cases, the transfer 
function cond(XIY) cannot be estimated from recent climate and proxy data 
directly, as indicated by the following examples. In this context, the reader is 
referred to textbooks about Bayesian statistics [67], [908], [544], since Bayesian 
statistics serves as the background of the following methods. 

In the case study, which is introduced by Kumke et al. (this volume, next 
Chap.), the reconstruction is obtained by a combination of three transfer 
functions each given in terms of probability density functions. Each transfer 
function belongs to a vegetation area revealing its typical climate distribu
tion. Also the standard assumption of normal-distributed variables has been 
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dropped in that case and is replaced by the Johnson distribution (for an exact 
description see Kumke et al., this volume, next Chap.). 

A similar, though different, approach has been made by the project "Deter
mination of the botanical-climatological transfer functions and reconstruction 
of the European near-surface climate in the late quaternary" 1 [560]. Probabil
ity density functions of climate variables are estimated for several plant taxa 
to get their distribution in climate phase space. The reconstruction results 
from a combination of the probability density functions of those taxa found 
at a fossil pollen site. A characteristic of this method is that only the existence 
of a particular taxon counts, not its abundance so that the problem of the 
no-modern-analogue situation can be handled. 

A further example are the BUM and BUMMER projects [1093], [1069], 
which were applied to fossil chironomid distributions. Unimodal response func
tions, which give the abundance of a plant taxon in dependence of a climate 
variable, are enhanced to probability density functions. The final transfer 
function is then the product of all taxon-specific response functions. 

All three examples deal with fossil pollen spectra and remains of aquatic 
organisms. This shall not mean that the general approach of using probability 
density functions would be less applicable to other proxy data, yet it has to 
be tested. 

13.2.2 Linear Regression-based Methods 

A common technique to derive quantitative estimates of paleoclimatic vari
ables is simple linear regression. In simple linear regression analysis, the linear 
response of Y in dependence of X for i observations from a calibration data 
set is given by: 

(13.5) 

where Yi is the value of the measured response variable (e.g., tree-ring width, 
oxygen isotopes), Xi is the value of the measured climate variable, €i denotes 
the errors and (30 and (31 are the regression coefficients which represent geo
metrically the intercept and the slope of the fitted regression line, respectively. 
The regression coefficients are commonly estimated by the method of least
squares (e.g., [732]) minimizing the variance of the errors €i. The errors are 
assumed to be independent, normally distributed and to have a zero mean 
and a constant variance. 

If the linear relationship between Yi and Xi is established, an estimate for 
the climate variable to be reconstructed :to is calculated using the measured 
data Yo representative for the past (i.e. the so-called 'fossil' data): 

1 Subproject A5 of the Collaborative Research Centre - Sonderforschungsbereich 
(SFB) - 350 of the Deutsche Forschungsgemeinschaft (DFG) "Interactions be
tween and Modelling of Continental Geosystems" at the University of Bonn 
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Xo = (Yo - (30) (13.6) 
(31 

Alternatively to Equation (13.5), the inverse variant of the regression 
model may be used. In inverse linear regression, the response variable Y is 
used as regressor in order to describe the variable X for the i observations 
from the calibration data set: 

(13.7) 

The reconstruction of Xo is then made straightforward using the data Yo: 

(13.8) 

The inverse linear regression method is statistically efficient, if the dis
tribution of the values Xo is approximately equal to the distribution of the 
values xi from the calibration data set [1043]. Advantages of using Equations 
(13.7) and (13.8) over that of the classical method are discussed in [1044]. It 
can be shown using some algebra, that the least-squares solution to Equation 
(13.7) is the conditional expectation from Equation (13.3) assuming normally 
distributed random variables, while Equation (13.5) is the same for Equation 
(13.2) [1110]. 

If there are more than one variables X, Equation (13.5) can be extended 
to k regressors using the multiple linear regression model: 

(13.9) 

The estimation methods of the regression coefficients and the assumptions 
about the errors are the same as in the the simple regression model. Often, 
the number of significant regressors is reduced by variable selection proce
dures (see [732]). However, a common problem, which may occur in multi
ple linear regression, is multicollinearity. Multicollinearity arises, if there are 
linear dependencies between regressors. Methods for detecting and reducing 
multicollinearity are given in [732]. 

A variant of inverse regression is principal components regression (peR) 
which may be used if there are more than one measured variables Yk (for 
example a species assemblage). It consists basically of a dimension reduction 
in Y using principal components analysis (peA, see [606]) and a multiple 
linear regression step using the k extracted principal axes. The first few prin
cipal axes in peA represent most of the variance in Y, thus, only a limited 
number of axes may be used in the subsequent regression step. Methods for 
examining the 'importance' of the eigenvalues Ak as a measure of the variance 
of the principal axes include scree plot analysis or the broken-stick method 
(see [498]). The reconstruction of Xo is similarly carried out as in Equations 
(13.7) and (13.8) with the difference, that instead of Yk the extracted principal 
components are used. The estimate for Xo is finally calculated by: 

(13.10) 



234 Thomas Kumke, Christian Scholzel and Andreas Hense 

where f k are the principal components which are estimated by multiplying the 
fossil data with the derived eigenvectors uk from the calibration data set [79]. 
Due to the use of principal axes, the problem of multicollinearity does not 
apply, since the principal axes are orthogonal to each other. 

A quite similar technique as PCR is partial least squares regression (PLS). 
The main difference between both methods is that in PLS the components are 
extracted in order to maximize the covariance between Yk and X. According 
to Birks [79], this results in fewer components and in a lower prediction er
ror. The number of components is commonly estimated using cross-validation 
techniques (see below). Stone and Brooks [1016] provide an overview to both, 
PCR and PLS regression. 

13.2.3 Weighted Averaging Techniques 

13.2.3.1 Assumptions 

If Xo is reconstructed from biological assemblages (Le. from species of an or
ganism group), it is often assumed, that the response of Yk in dependence of 
X is non-linear. The most common approach is to assume that the species re
sponse follows a Gaussian response function (e.g., [778], [1051]). The Gaussian 
response function is given by: 

-0.5(.; -"k )2 

E(Yk I X = Xi) = cke .~ (13.11) 

where E(Yk I X = Xi) is the expected value of species k in sample i, ck is 
the maximum value for species k, Uk is the so-called 'optimum' and tk is 
the so-called 'tolerance' of species k. The parameters Uk and tk estimate the 
mode and the standard deviation of Xi' respectively. If the species data Yk are 
proportions, the multinomial logit equation: 
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cke .~ 
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E c1e '1 
(13.12) 

i=l 

or the Gaussian logit equation: 

(13.13) 

could be used alternatively to Equation (13.11). The parameter of the Gaus
sian response function may be estimated using the least squares, the maximum 
likelihood method or the weighted averaging technique (e.g., [778], [79]). 
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13.2.3.2 Weighted Averaging Reconstruction 

A simple approach to find estimates for the parameters uk and tk of Equation 
(13.11) is weighted averaging (WA). It consists in finding the optimum value 
uk for the species Yk by calculating a weighted average of the physical variable 
Xi derived at each sampling site i: 

(13.14) 

A value for the environmental variable to be reconstructed Xo is estimated 
using the weighted average of Uk' calculated from each Yik: 

m 

L Yikuk 
k=l Xo = "--m"---- (13.15) 

L Yik 
k=l 

An estimate for the tolerance t k can be obtained using: 

(13.16) 

The value for Xo is then derived with: 

(13.17) 

To obtain an unbiased comparison of the k tolerances, Equation (13.16) 
is often weighted by the diversity number N2 proposed by Hill [457]. The 
diversity number N2 is the inverse of Simpson's diversity index (see [606]) and 
increases with the occurrences of a taxon in the i sampling sites. A correction 
of t k is achieved using: 

(13.18) 

Thus, Equation (13.18) weights the tolerance stronger, when taxon k occurs 
in fewer samples. 

Ter Braak and Barendregt [1046] compared the performance of the WA 
approach with maximum likelihood estimation (ML) and concluded that WA 
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approximates ML if the values of Yk are Poisson distributed and have homo
geneously distributed optima, equal tolerances and maxima. A comparison of 
WA with Gaussian logistic regression (GLR) using simulated data has shown 
that WA is as efficient as GLR, if the values of xi are uniformly distributed 
along the gradient [1049]. However, the WA method could be biased in some 
cases when xi is randomly distributed depending, for example, on the abun
dance of the species or on the truncation of the gradient [1049]. 

A common problem in WA-reconstructions is shrinkage of the recon
structed values Xo due to averaging carried out twice during the application 
of the WA-model. The shrinkage results in overestimation and underestima
tion of Xi at the lower and upper end of the gradient (Le. the range of Xi)' 

respectively (e.g., [79]). To correct for this, ter Braak and van Dam [1051] and 
Birks et al. [80], among others, proposed classical or inverse linear regression 
to deshrink the inferred values. In the case of classical deshrinking, estimates 
for the sites of the calibration data set Xi are regressed on the observations 
Xi using Equation (13.5). The regression coefficients are then used to recal
culate Xo [1047], [79]. According to this, the final inference equations for WA 
reconstructions with classical and inverse deshrinking are: 

(13.19) 

and 
(13.20) 

respectively, where xO,ini refers to Equations (13.15) or (13.17). 
Based on the theoretical considerations in the introduction, Kiihl et 

al. [560] extended the above approach to a two-dimensional climate state 
vector (e.g., January and July temperatures) using paleobotanical data with 
several species. 

13.2.3.3 Weighted Averaging Partial Least Squares Reconstruction 

The extension of the WA method is weighted averaging partial least squares 
regression (WA-PLS) and was developed by ter Braak and Juggins [1047] and 
ter Braak et al. [1048]. WA-PLS is based on components regression and takes 
into account any residual correlations between all Yk which remains after 
fitting the WA model as described above. These correlations often exist due 
to the dependence of X on other physical variables which are ignored in WA 
reconstructions. In WA-PLS, the Gaussian response of Yk to X is assumed 
which relates WA-PLS to correspondence analysis (CA). In CA, a normalized 
vector for the species, u is derived so that the variance of the vector of weighted 
averages f (Le. the component scores, compare with PRC) is maximized: 

(13.21) 
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where D(Yi+) is a weight for the sites i and Y is the species matrix. In the 
WA-PLS algorithm, the first WA-PLS component is derived by calculating, 
a weighted vector u that maximizes the covariance between f and x [1048]. 
The calculation of higher components follows the same principle with the 
additional requirement of orthogonality. According to ter Braak et al. [1048], 
fitted values for x with a three-component solution are estimated using the 
equation: 

(13.22) 

with 
(13.23) 

where O!i denote the coefficients obtained by a D(Yi+)-weighted regression of 
the variable X on f1' f2 and f3. The first WA-PLS component is a two-way 
weighted average of x whereas higher components are the weighted averages of 
the residuals ofx. Ter Braak and Juggins [1047] introduced a quite simple WA
PLS algorithm which is based on the two-way weighted averaging algorithm 
for CA (e.g., [1045], [606]) and is implemented into the software commonly 
used for environmental reconstructions. 

The optimal number of components is estimated by cross-validation, most 
often by jackknifing (see below). The first component solution is equivalent 
to the WA solution with inverse deshrinking [79]. Hence, a WA-PLS model 
performs by definition at least as good as a WA model. 

13.2.3.4 Choice of the Appropriate Method 

Before one of the WA techniques is applied, the Gaussian response of Yik has to 
be tested. This is most often done by carrying out indirect and direct gradient 
analyses (for a review see [1050]). As a first step, the j3-diversity of the species 
should be determined using a detrended variant of the CA. The j3-diversity 
is a measure of the gradient length. If the gradient is longer than 2 SD units, 
the Gaussian response of the species is assumed. In the case of a short gra
dient, a linear-based method should be preferred. Canonical Correspondence 
Analysis (CCA) is frequently used to assess the relationships between species 
data Yik and the measured physical variables x ik of the calibration data set 
if the species response is Gaussian (e.g., [825], [1142]). The CCA consists of a 
weighted multiple linear regression between Yik and xik and a subsequent CA 
ofthe fitted values of Yk. The first principal CA axis is, hence, a linear combi
nation of the variables X k. The first canonical eigenvalue ),1' associated with 
the first canonical axis, represents most of the variance in Yk • The physical 
variable, which contributes most to the first axis, is interpreted to be the most 
important within the biological system in terms of the variance explained. To 
exclude any partial effects between the physical variables, partial canonical 
correspondence analysis should be performed (see [606]). 

More recently, a hierarchical species response model of Huisman et al. [478] 
was used to assess the species response of single taxa to an environmental 



238 Thomas Kumke, Christian Scholzel and Andreas Hense 

gradient. In the model of Huisman et al. [478], a set of five response models 
(e.g., linear, sigmoidal, Gaussian) is fitted to the species data using either 
least-squares regression or logistic regression. However, since the model fits the 
species data to a single variable, this variable is usually chosen after examining 
the results of a CCA. 

13.2.4 Plant Functional Types Reconstruction 

Plant functional types (PFT) are groups of plants which are classified ac
cording to physical and biological criteria, for example plant stature, leaf 
form, phenology and climatic thresholds. Peyron et al. [820] gave several 
PFT's derived from pollen taxa alongside with their bioclimatic limits. Among 
them, are 'Boreal summergreen', 'Cool-temperate summergreen' or 'Cold grass 
shrub'. Each pollen taxon can be assigned in general to one PFT. The PFT's 
of surface pollen spectra from a calibration data set and climatic variables 
at these sampling sites (e.g., annual temperatures, precipitation) are used to 
establish a transfer function. 

In the PFT method, the derived PFT's receive affinity scores using the 
equation: 

m 

ASip = L8~Jmax(0,fik - ()i) (13.24) 
k=l 

where m denotes the number of pollen taxa, p is the PFT, fik is the frequency 
of taxon k in sample i [%], ()i is a cut-off criteria for the pollen percentage 
[%] and 8~ is a binary variable with 8~ = 1, if taxon k is assigned to p and 
8~ = 0, if otherwise. Prentice et al. [843] tried several values for ()i and found 
that ()i = 0.5 worked best. There might be some pollen taxa which could be 
classified into more than one PFT. According to Peyron et al. [820], these 
taxa can be assigned into a virtual PFT. 

The relationship between the affinity scores of each PFT and the climate 
variables at each sampling site is often described by means of artificial neural 
network regression (ANN), even though other methods might be used (e.g., 
best modern analogues, [748]). The ANN consists of a number of layers and 
each layer has a set of so-called 'neurodes'. All neurodes are interconnected 
(Fig. 13.1). The input variables (i.e. the climate variables) pass these neurodes 
to reach the target variables (i.e. the affinity scores). At each layer, with ex
ception of the first one, the incoming signals to the neurodes Xi are translated 
into a 'response stimulus' by calculating a weighted linear combination of the 
input signal: 

m 

I j = LWijXi 
i=l 

(13.25) 

with Wij - the weights. At the first layer, Xi are the input variables. The re
sponse stimulus is transformed using an activation function. Guiot et al. [411] 
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gave an example for such a function which was frequently used in several 
applications (e.g., [820]): 

f(I) = 1 + e~(Hb) (13.26) 

The transformed response stimulus is sent to the next layer. The coeffi
cient b and the weights wij are estimated in order to minimize the deviations 
between input and target (the optimization criterion). Equation (13.26) in
troduces non-linearity into the ANN. 

PFT 1 

Tj 

T7 
PFT2 

PFT3 
p.nn 

PFT4 

PFTs 

PFT6 

Fig. 13.1. General architecture of an artificial neural network (ANN). The input 
variables Tl, T7 and Pann denote January temperature, July temperature and annual 
precipitation, respectively. 

An often used ANN is the feedforward network in which the parameters 
are estimated using a backpropagation algorithm. Details of the parameter 
estimation are given in [411). The goodness of fit of the parameter estimation 
increases with the number of layers. Guiot et al. [411) recommended to use a 
number of layers in between the number of input and target variables. Before 
using the ANN, the input and target variables have to be standardized. 

The transfer function is usually derived from a large number of surface 
pollen spectra, for example Peyron et al. [820) used 1328 surface pollen sam
ples from Europe, Kazahkstan and Siberia. The climate data are often taken 
from meteorological data bases and are usually interpolated to obtain climate 
variables for the sites where the pollen samples are from. Peyron et al. [820) 
also used the ANN for that purpose. In contrast to other approaches (e.g., 
the WA techniques), the PFT method is based on a classification of individ
ual taxa. That is assumed to be of advantage due to a better response of the 
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PFT's to large-scale climatic changes (e.g., [820]). However, it should be noted 
that the frequency fik of taxon k at the site i enters albeit in a transformed 
way the reconstruction. This ignores the possibility that dynamical biosphere 
processes can be responsible for parts of the variability in f ik • Rather it is 
assumed that all variability in fik or ASip is connected to climatic processes 
('climate determinism'). 

13.3 Validation of Transfer Functions 

The application of validation techniques is an important step in the construc
tion of transfer functions. An environmental reconstruction is of little value 
without a serious error estimate, and therefore as much attention should be 
paid to this theme as to the reconstruction itself. Due to limited space within 
this section we focus on bootstrap estimates of the mean square error, which 
should be appropriate for most purposes. 

Commonly, a transfer function f e : X I---t Y between two environmental 
variables X and Y is fitted to a recent random sample S = {(Xi' Yi) I i = 1, .. . , nil 
of these variables by minimizing a cost function, mostly the mean square error 

DA 1 Ln. A 2 
MSE (Y) = - (y. - y.) n. t t 

t i=l 

(13.27) 

with Yi = fe(xi ) and the shape parameters e = {Ol"" ,Od. The superscript 
'D' denotes that the mean square error is estimated on dependent data and 
does not reveal the error which is expected when the transfer function is 
applied to fossil proxy data. Especially for complex transfer functions with a 
large number of degrees of freedom or for respectively short data samples S 
every error estimate on dependent data, for example the mean square error 
MSED , becomes more a goodness of fit rather than an objective error estimate. 
Consider the example of fitting a polynomial of order n - 1 to a data sample 
of size n. 

So, what is an objective error estimate? An objective error estimate has 
always to be made on a data sample independent from that one used to 
fit the transfer function. Even for a small data sample, a part of it has to 
be reserved for validation. However, such a singular partition into so-called 
'test' and 'training' data is indeed quite ineffective. For example, if test and 
training data were to be exchanged in a second step, the whole data set 
could be used to gain the shape parameter e and the mean square error 
MSEI (Y) on independent data by using the average of both steps. Enhancing 
this basic thought leads to the technique of bootstrap estimates which allows 
both independent error estimates and the use of the whole data set to fit the 
transfer function. 

Basic principle of the bootstrap method is to select bootstrap samples Sm 
with m = 1, ... ,nbts each consisting of a definite number of elements drawn 
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with replacement from the original data sample 8. There are several possibil
ities to draw the bootstrap samples and to obtain independent parameter and 
error estimates. Efron and Tibshirani [268] provided a deeper insight into the 
variety of the bootstrap. For simplicity we concentrate on the most known 
variations of the bootstrap technique: the jackknife and its general case the 
cross validation. 

For the nbts-fold cross validation, the original data set 8 is split into n bts 
roughly equal-sized parts. Let m(i) be the part containing the i-th element of 
the original data set 8 and denote by Bm = {i liE [1,n i ] ,m =I- m(i)} the set 
of indices leaving the m-th part out. The formal definition of the boootstrap 
samples is hence 8m = {(Xi' Yi) liE Bm}. Let 8m be the parameters of the 
transfer function estimated by using only the elements Bm of the original 
data set. Then the cross validation estimate of the mean square error on 
independent data MSE1CY) is 

(13.28) 

with the replacement yfm = fern (xi). Finally, the cross validation estimate 
of the parameters e is given by 

nbts 

8 = 2:= 8m/n bts· (13.29) 
m=l 

Sometimes n bts = n i is chosen, resulting in the leave one out cross val
idation or so-called 'jackknifing'. It was the original method for estimating 
standard errors on independent data and predates the cross validation. How
ever, the general case of the cross validation enjoys the advantage to select 
an arbitrary number of bootstrap samples. This can help to enhance com
putational speed, as the cross validation error and parameter estimates are 
convergent in nbts' making a huge amount of bootstrap samples quite sense
less. The optimum number n bts will ordinarily be in the range 25-200, see 
[268] for details. 

An important limitation of the aforementioned standard form of cross vali
dation should be noted. Neither the jackknife nor the standard cross validation 
are capable of providing independent error estimates on autocorrelated data 
samples. Error estimates are only independent, if each bootstrap sample 8m 

is independent from its complement 8\8m . Only in this case the residuals 
(Yfm - Yi) in Equation (13.28) are independent from the data sample 8m 

used to fit the transfer function. 
Since transfer functions may mostly be derived from auto correlated data, 

this problem appears quite often. For this reason, a modification of the 
standard cross validation technique is shown. At first a parameter bbts is 
introduced. It defines the minimum distance between the indices of two 
arbitrary elements of 8 in order to assume them as non-correlated. The 
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m = 1, .. . , nbts new bootstrap samples Sm are given by leaving a gap of 
2 x bbts + 1 elements out of the original data set S. Only the middle ele
ment i = i*(m) of each of these gaps is then used to calculate the residuals 
(Yf'" - Yi) in Equation (13.28). To make efficient use of the original data 
sample the new bootstrap samples are given by Sm = {(xi' Yi) liE Bm} with 
Bm = {i liE [i*(m) - bbts,i*(m) + bbts]} and i*(m) = m x (bbts + 1) - bbts· 
See Fig. 13.2 for an illustration. The modified cross validation error is 

(13.30) 

which is again capable of producing independent error estimates but also on 
auto correlated data samples. The cross validation estimates of the parameters 
e are still given by Equation (13 .29). 

Fig. 13.2. Illustration of the bootstrap samples for the modified cross validation. 
Each bar represents the elements of the original data set. The white boxes mark the 
bootstrap sample Em, the black ones the middle elements i* (m) of the 2 x Jbts + 1 
elements wide gaps (hatched boxes) . 

It remains to explain how to determine the optimum value of bbts' also 
known as range or correlation length. There are several ways to determine 
this parameter. One method is to calculate the autocorrelation of the data 
set. This problem, especially for the statistical analysis of spatial data, is well 
known in the literature about geostatistics (e.g., [200], [1120]). Another objec
tive way is to analyze the convergence of the cross validation error CVE* CY) in 
dependency of bbts. The latter method takes into account that error estimates 
on dependent data sets are always smaller than error estimates on independent 
data sets. A mathematical proof is given in [268] . Hence a stepwise increasing 
parameter bbts leads to an increasing cross validation error CVE* (Y), because 
the data sets Sm and the data elements (xi'Yi) with i = i*(m) become less 
dependent with each step. The parameter bbts has obtained its optimum value 
when the cross validation error is at its constant maximum. After this step 
a higher value of bbts would just cause a needless loss of data, but no addi
tional accuracy. However, for most purposes a predefinition of bbts based on 
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background information about the autocorrelation of the data source set will 
suffice. For example, in a data set of daily temperature observations a value 
of bbts ~ 3 would be appropriate. 

We can finally resume that the cross validation is a powerful tool to obtain 
objective error estimates. The whole data sample can be used to determine 
the optimum shape of a transfer function, and this can be taken as a huge 
effort since respective data samples are rarely large enough. Note, that a lot 
of statistical literature is devoted to enhance the features of cross validation 
leading to the so-called 'generalized cross validation' (GCV, [198], [1123]). 

13.4 Conclusions and Perspectives 

We presented the theoretical aspects of some of the currently used techniques 
for deriving transfer functions to obtain estimates of paleoclimatological and 
paleoenvironmental variables. To date, most of the methods were mainly used 
for reconstructions based on biological assemblages, such as pollen, plant 
macro fossils and aquatic organisms. The WA-related techniques are stan
dard techniques in paleolimnology. The main feature of WA methods is that 
they are based on a sound ecological relationship between species and under
lying ecological gradient which can be easily solved by using the Gaussian 
response model. However, though this relationship is probably true for many 
species, it seems that less restrictive assumptions could be of advantage. The 
use of probability density functions and Bayesian approaches offer an attrac
tive alternative and became quite popular in a lot of research areas recently 
(e.g., [272]). The advantage of using a probability-based method over that of 
regression-based WA is that in the former uncertainty is incorporated. Al
though the comparison of Toivonen et al. [1069] of BUM (Bayesian Unimodal 
Model) with several WA models did not show a much better performance of 
BUM in terms of the errors, the development of probability-based transfer 
functions might become superior to the traditional approaches in the future. 
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Transfer Functions for Paleoclimate 
Reconstructions - Applications 

Thomas Kumke, Andreas Hense, Christian Scholzel, Andrei A. Andreev, 
Cathrin Briichmann, Christoph Gebhardt, Gerhard Helle, Ulrike Kienel, 
Norbert Kiihl, Thomas Litt, Frank Neumann, Gerhard Schleser 

Summary. The aim of this study was to describe the applicability and the use of 
transfer functions in paleoclimate and paleoenvironmental research. In this chapter, 
different proxies (i.e. pollen, diatoms, carbon isotopes) were used in order to recon
struct the regional climate and environmental history throughout the Holocene. Case 
studies based on WA and WA-PLS transfer functions using diatoms showed the ca
pability of siliceous algae to record environmental and climatic changes. However, the 
paleotemperature reconstruction from diatoms and their comparison with a pollen
based temperature reconstruction at Lake Lama, Siberia only revealed similar trends 
indicating different processes affecting the diatoms and pollen. The WA-based TP 
reconstructions from diatoms at Lake Woserin and Lake Holzmaar, Germany showed 
the response of the organisms to increased anthropogenic activities additionally to 
climate. Temperature reconstructions using carbon isotopes from tree-rings at high 
elevation sites of the Tibetan Plateau indicated that tree growth is temperature 
limited, although anthropogenic effects of changing atmospheric 813 C02 and pC02 
may influence the calibration with measured meteorological data. Beside these re
constructions, we presented the methodology of a probability-based approach for a 
paleoclimate reconstruction using pollen distributions from sediments of the Dead 
Sea which is currently carried out. 

14.1 Introduction 

The estimation of past quantitative climate-related variables from indicators 
of terrestrial and limnic archives is one of the major aims in paleoclimate 
research. The derivation of these estimates involves the establishment and ap
plication of transfer functions from calibration data sets. Based on the meth
ods outlined in [566], five case studies are described, in which quantitative 
estimates of several variables from different indicators were calculated. The 
indicators are pollen, diatoms, and carbon isotopes in tree rings. The variables 
are directly climate-related such as temperature as well as catchment-related 
such as phosphorus. The knowledge of the variability of the latter one could 
help to distinguish between climate and anthropogenic influences. The loca
tions of the five case studies are distributed in the northern hemisphere (Fig. 
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14.1). The purpose of this study is to discuss the applicability of the different 
indicators and methods, as well as to show their potential and limitations for 
quantitative reconstructions. 

In<jfian Dee, n 
o· 20' 40' 60' 80' 100 ' 120' 140' 160' 

Fig. 14.1. Geographical locations of the five case studies. Case study 1 refers to 
Lake Lama, Case study 2 to Lake Woserin, Case study 3 to Lake Holzmaar, Case 
study 4 to the Highlands of Tibet and Case study 5 to the Dead Sea. 

14.2 Case studies 

14.2.1 Weighted Averaging and Plant Functional Types 
Reconstructions Using Diatoms and Pollen Spectra 

Paleoclimatic reconstructions in high-latitude regions are of considerable con
cern especially to climate modellers (e.g., [880], [302]) . To date, there are only 
few reconstructions available in these regions, most of them were carried out 
in the Canadian Arctic or in Fennoscandia (for a review see [987]) . In the 
high-latitude regions of Siberia, however, in recent years some reconstructions 
based on pollen were published (e.g., [1038], [26]). In case study 1, the results 
of two independent paleotemperature reconstructions using pollen spectra and 
diatom assemblages from a sediment core in Lake Lama are described. 

Lake Lama (69°33'N, 900 13'E; Fig. 14.1) is located near the city of No
rilsk and has an approximate size of 80 km x 13 km. The lake sediment core 
(PG 1111) was taken from the western part of the lake and had a length of 
10.6 m. Details of the lake characteristics, coring procedure and measurements 
related to that core are given in [435] . The pollen record covered the whole 
sediment core [27], whereas diatoms occurred only in the upper 7.0m. For 
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the Holocene part of the core, pollen and diatoms were prepared and counted 
from 1 em-samples in 10 em intervals, which are approximately 160 years, us
ing the standard techniques (e.g., [47], [292]). The taxonomical references of 
the diatoms of PG1111 are given in [535]. The chronology of PG1111 is based 
on 30 AMS radiocarbon dates on different types of organic matter (for details 
see [27]). All radiocarbon ages were calibrated using the program CALIB 4.1 
[1023]. The relationship between sediment age and depth was established us
ing a second order polynomial regression model. The error of the age-depth 
relationship was approximately 400 years using leave-one-out cross-validation. 

The paleotemperature reconstruction from the pollen record was carried 
out using the Plant Functional Types (PFT) method (see [566]). In order 
to establish the relationships between PFT scores and climate variables, the 
PFT transfer function of [1038], which is based on 1245 surface pollen spectra 
from northern Eurasia and western North America and six climate variables, 
was used. In this case study, we only present the estimates of the July air 
temperatures (Tyu)' The associated error bars for TYII were, according to 
[27], in the range of -l.O°C and +0.9°C (at P = 0.25) and of -2.5°C and 
+2.6°C (at P = 0.05). 

The paleotemperatures (Tyu) from the diatom assemblages were estimated 
using a two-component weighted averaging partial least squares (WA-PLS) 
model (see [566]). The calibration data set for establishing the transfer func
tion consisted of 38 lakes along a temperature gradient and 324 diatom taxa 
in northern Fennoscandia and is described in [549]. The July air tempera
tures ranged between 7.9°C and 14.9°C. Korhola et al. [549] estimated for the 
transfer function a coefficient of determination (R2) of 0.78 and a root mean 
square error of prediction (RMSEP) of 0.89°C. 

In Fig. 14.2, the results of both TyU reconstructions alongside with the 
composition changes per unit time (RC) are presented. The rates of change, 
which are based on the chord distance, have similar variations for diatoms and 
pollen ofthe fossil data and are significantly correlated (r = 0.71 at P :::; 0.05). 
Large composition changes, especially for the pollen, occurred between 10,700 
to 10,200 cal. a BP after the beginning of the Early Holocene period. Another 
large peak in the RCs of the diatoms occurred at 6400 cal. a BP. The changes 
in pollen composition were rather moderate at this time. The inferred pollen 
temperatures vary between 8.0°C and 14.0°C in their absolute values. The 
largest negative temperature deviations were reconstructed around 11,700 to 
11,200 cal. a BP during the Younger Dryas period [27]. The temperature 
increase between 11,200 and 10,500 cal. a BP is associated with the Early 
Holocene warming. It should be noted, however, that the age model error of 
400 years should be accounted for when referred to the different chronological 
zones. The most distinct positive temperature deviations were reconstructed 
between 10,000 and 4000 cal. a BP, interrupted by a small temperature drop 
at approximately 6700 cal. a BP. The inferred temperatures decreased from 
approximately 4000 to 2500 cal. a BP for about 2.5°C. The temperatures re
constructed from the diatoms vary between 10.2°C and 1l.6°C. Similarly as 
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Fig. 14.2. Calculated rates of change (RC) and inferred July air temperature de
viations from pollen (PFT) and diatom (WA-PLS) records of Lake Lama, Central 
Siberia. The solid lines of TVII are the 3pt. moving averages. 

the pollen-based temperatures, negative temperature deviations were recon
structed between 11,700 and 10,500 cal. a BP followed by a sharp increase 
in temperature. Positive temperature deviations occurred between 8400 and 
6500 cal. a BP and more distinct between 4000 and 2500 cal. a BP. The di
atom composition change at 6500 cal. a BP caused a distinct decrease in the 
inferred temperatures. 

The pollen and diatom assemblages in PG1111 are strongly associated as 
revealed by standardized Mantel tests and the RC analysis. The inferred tem
peratures, however, are quite similar in their general trends though different in 
their ranges and partly in their variations. The diatom variability in PG1111 
can mainly be attributed to temperature as revealed by biplot analysis of 
a principal components analysis (PCA, not shown). The different ranges of 
both reconstructions could be caused by the large water volume of Lake Lama 
which might have inhibited the transfer of the air temperature signal to the 
diatoms as well as with the used inference model which tends to over and un
derestimate the temperatures at the lower and upper end of the temperature 
gradient, respectively. The greater variability of the diatom-inferred temper
atures may be due to the different reconstruction techniques used, since the 
PFT-method is based on primarily formed pollen groups whereas WA-PLS 
uses the diatom taxa directly. This might also partly explain the differences 
in temperature variability despite the distinct assemblage change of both di
atoms and pollen at about 6400 cal. a BP. 
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14.2.2 Weighted Averaging Reconstructions Based on Diatoms 

In this section, two case studies on diatom-based phosphorus reconstructions 
(TP) are presented. Both reconstructions were carried out utilizing a TP 
transfer function established from a calibration data set from lakes and river 
sections in Brandenburg [943]. The data set contains 84 lakes and river sections 
along a nutrient gradient. For developing the transfer function, a WAto1 model 
with N2-adjusted tolerances and classical deshrinking was applied (R2 = 0.86, 
RMSEPjack = 1.5p,g x Z-1 TP, [943]). 

14.2.2.1 Diatom-based reconstruction from Lake Woserin, 
Germany 

Lake Woserin (case study 2), located ca. 150km north of Berlin (Fig. 14.1), 
is a glacially formed lake with moraine deposits in the catchment. The lake is 
divided into three subbasins, which are connected with each other by shallow 
sills. The overall surface area of the lake is approximately 212 ha and the 
deepest subbasin, called Lake Holzsee, has a maximum water depth of 37m. 
In 1999 several short cores were recovered from the deepest part of Lake 
Holzsee using a gravity corer. 

Thin section analysis revealed that the uppermost 38 cm of the analyzed 
short core WOS Ia were annually laminated and document the last 80 years. 
The chronology of the lowermost sediment sequence is based on two AMS 14 C 
dates obtained from a parallel core. The analyzed sediment was a diatoma
ceous gyttja with interbedded calcareous laminae [255]. Limnological changes 
are clearly documented in the changing diatom assemblages as diatoms re
spond sensitively to environmental perturbations. 

Diatom samples were prepared using standard techniques, modified for 
small sediment amounts [865], in consecutive 0.5 cm increments. The diatom 
distribution of the studied sediment sequence was analyzed qualitatively and 
quantitatively by light microscopy every 2 centimeters. For determining the 
diatom concentrations, the microsphere method [51] was applied. More than 
120 species representing 30 genera were identified. Dominating planktonic taxa 
were Stephanodiscus minutulus, S. alpinus, Cyclotella comensis, and Aulaco
seira islandica. Periphytic taxa were found in rather low frequencies (10 to 
30%) with generally decreasing percentages from AD 1890 onwards. Total di
atom concentrations were moderately high in all samples ranging from 1 x 106 

to 1.9 x 107valves x g-1 with maximum values around AD 1930 (Fig. 14.3). 
The dominance of alkaliphilous and alkalibiontic taxa throughout the se

quence reflects the influence of the calcareous moraine deposits in the catch
ment. The striking occurrence of the acidophilous taxon Tabellaria quadrisep
tata with rather high frequencies until AD 1995 (Fig. 14.3) may be due to 
redepositional processes from the shallower regions of the basin. 

Diatom-inferred changes in epilimnic total phosphorus content revealed a 
distinct anthropogenic influence during the analyzed time period (Fig. 14.4). 
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Fig. 14.3. Diatom distribution as determined from the core WOS la, Lake Woserin. 
Diatom concentrations are based on dry weight of sediment. Local diatom assem
blage zones (LDAZ) were derived using constrained clustering. 

For example, the intensification of land-use during the 1950s in the eastern 
part of Germany is clearly marked by a rise in inferred trophic stage indi
cating eutrophic conditions. The increase in loads of sediment and nutrients 
leads to accelerated eutrophication and water quality degradation. Since ca. 
AD 1970, the diatom assemblage is mainly dominated by eutrophic and poly
trophic taxa showing the adaptation to enhanced nutrient supply. Despite 
this marked anthropogenic influence, a comparison of varve thickness and 
local meteorological data for the period from 1930 to 1998 (see [255]) re
vealed significant negative correlations between the evaporation during the 
summer (EPAMJJAS) and varve thickness (r = -0.52 at P ::; 0.01). A possi
ble explanation might be a dilution of nutrients in the extending epilimnion. 
Considering only the time span between 1950 and 1998, also the winter tem
peratures (TONDJFM) had a significant effect on the varve thickness (r = 0.59 
at P ::; 0.01), probably due to better growing conditions for spring diatoms 
during milder winters. This study shows that whereas the composition of di
atom assemblages was mainly effected by anthropogenic nutrient supply, the 
overall productivity was also determined by climatic changes. 
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Fig. 14.4. Diatom inferred total phosphorus in lake water derived from the cali
bration model by Schonfelder et al. [943]. The marked values indicate samples with 
more than 75% of the diatom assemblage matching the taxa of the calibration data 
set. The trophic states are given according to Schonfelder [942]. 

14.2.2.2 Diatom-based reconstruction from Lake Holzmaar, 
Germany 

Case study 3 includes a diatom-based reconstruction from a varved sediment 
sequence from Lake Holzmaar (Eifel, Germany, Fig. 14.1). The reconstruction 
comprises the past 1000 years. The preliminary chronology of the sequence 
is based on [1192). Dating of the youngest varve to an age of AD 1963 was 
accomplished using the Cs-137 method. The temporal resolution between the 
diatom samples was in the range from 2 to 35 varve years. The sample thick
ness was 0.5 cm of sediment which is equivalent to 0.6 to 3.5 years. In general, 
the temporal resolution becomes coarser with increasinK age. Sediment sam
pling in annual resolution was impossible because of the instability of the 
organic-rich sediment and the low varve thickness. 

The variability of the diatom assemblage composition was analyzed using 
principal components analysis (PCA) because the ,a-diversity was less than 2 
SD units (e.g., [566)). For determination of the rates of change (RC) of the 
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Fig. 14.5. Biplot of species and sample scores of a principal components analysis 
derived from diatom distributions of sediment core HZM 41/42, Lake Holzmaar. 
Species vectors with 35% cumulative fit to the shown axes are indicated by arrows 
( G.= Cyclotella, F.=Pragilaria, N.=Nitzschia). The affiliation of sites to the LDAZs, 
derived from constrained clustering, is labelled by grey envelopes. 

diatom assemblages, the chord distances between adjacent samples were cal
culated. Prior to the calculation, the samples were interpolated to increments 
of 5 years in order to use this increment as a time standardization unit (TSU) 
and to remove the influence of the differing age distance of the samples. The 
peA biplot (Fig. 14.5) shows the species and sample scores along the first two 
principal axes. The samples were separated according to their local diatom 
assemblage zones (LDAZ). Species with positive scores on the first principal 
axis (i.e. Cyclotella atomus and C. comensis) are known to prefer oligotrophic 
conditions (e.g., [556]). All species with negative scores require more nutrient
rich waters according to the same authors. 

The inferred TP values in Lake Holzmaar ranged from 20J.Lg x Z-1 to 45J.Lg X 

Z-1 with a mean of 32M x Z-1 (Fig. 14.6). According to Schonfelder [942], this 
coincides with mesotrophic to meso-eutrophic conditions of the lake (see Fig. 
14.4). The TP values and the sample scores of the first peA axis are signifi
cantly correlated using Spearman's rank correlation coefficient (r = -0.66 at 
P :::; 0.001). No correlation of the reconstructed TP values exists, however, to 
the Res of the diatom assemblages. This indicates that diatom assemblage 
changes were also associated with other factors besides phosphorus variability. 
The relatively small range of Res until AD 1800 may be related to the fact 
that the analyzed samples contain the pooled diatom assemblages of 2.7 to 
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3.5 years, causing that interannual changes in the diatom assemblage compo
sition were averaged out. The RC increase parallel to the decreasing temporal 
content (1.5 to 0.6 years) of the samples after AD 1800 might support this. 
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Fig. 14.6. Variables derived from diatom analysis, diatom-based reconstruction of 
total epilimnetic phosphorus, sample scores along the first two axes of a principal 
components analysis and rates of change of the diatom assemblages for the past 
1000 years as estimated from sediment core HZM 41/42, Lake Holzmaar. 

For the beginning of the Medieval Warmth Period, the highest proportions 
of planktonic diatoms were counted (LDAZ I). From AD 1100 to AD 1250, 
the highest periphytic/planktonic ratio and the lowest diatom concentrations 
indicate a period of enhanced terrestrial input (LDAZ II) . The source of the 
enhanced inferred TP values could be nutrient supply through that input. 

During the period from AD 1300 to AD 1800, according to the age chronol
ogy used, the reconstructed TP values varied only little around their mean. 
The paleolimnological interpretation for that period is based on several indica
tions. The sample scores along the second PCA axis are significantly correlated 
with the RCs (r = -0.67 at P < 0.001). The species Aulacoseira subarctica, 
which was recorded only for that period, had the largest fit (51%) to this axis 
(Fig. 14.5). The present-day occurrence of that species is restricted to regions 
north of 500 N and in alpine regions above 800m a.s.l. (e.g., [982]). Together 
with its low demand for light and preference for turbulent waters, its episodic 
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mass occurrence may be related to intermittent colder winter conditions in 
connection with the Little Ice Age. 

A strong increase of the RCs around AD 1800 can be related to an af
forestation of Picea around AD 1830 [632] and the preceeding logging in the 
Holzmaar catchment. Climate amelioration towards the end of the Little Ice 
Age as an supplementary influence is difficult to disentangle from human im
pact, as the effects of both are often inter-related [651], [776]. To distinguish 
between human and climatic influences on Lake Holzmaar, a study on the 
varve microfacies (compare [37]), which is currently carried out, could be more 
successful. For example, events in the limnological cycle including erosional 
inputs on an annual or even seasonal basis could be classified. Further, pollen 
analysis in high temporal resolution may even track lags in the response of 
vegetation and lake biota [20]. 

More detailed background information is available for the changes in the 
youngest sediments after AD 1970. The lake had been used for recreation 
with bathing and camping. A more productive flora with the highest nutrient 
requirements developed. After the closure of the camping ground in 1973 and 
the prohibition of bathing in 1979, the TP concentrations decreased. From 
data presented in [931], an average of 24M x 1-1 TP can be estimated for the 
period AD 1979 to 1988. This value coincides with the reconstruction. The 
diatom assemblages responded around AD 1983 with a lag of ten and four 
years, respectively, to the lower TP concentrations. The lake returned to a 
mesotrophic state. 

14.2.3 Regression-based Reconstruction Using Carbon Isotopes in 
Tree-rings 

The deduction of environmental signals by any tree-ring proxy is best accom
plished if sites are considered at which only one parameter is growth limiting. 
This would suggest sites at the tree limit such as high latitude (e.g., N ortheast
ern Siberia, Northern Canada) or high elevation sites (e.g., Tibetan Plateau, 
Karakorum Mountains), respectively. In these regions, carbon isotopes are 
well suited for paleoclimate research, because 013C values should in the first 
place record temperatures of the growing season from the corresponding years. 

There are numerous studies on the problem of transferring carbon isotope 
data of plant organic matter into temperature values, least translating carbon 
isotope variations into relative temperature changes (e.g., [627], [629], [596], 
[305], [936]). A simple way to relate 013 C variations with temperature is by 
stating the temperature coefficient 7 which describes the carbon isotope shift 
.6PC per unit temperature change ilT (7 = .6.~~C [%orC]). 

In case study 4, samples of 10 juniper (Juniperus cj. tibetica) and 5 
spruce trees (Picea balfouriana) were taken from sites located near Qamdo 
(31°08'N,96°59'E) on the southeastern part of the Tibetan Plateau (Fig. 
14.1). They originate from one of the highest sites for tree growth in the world 
at an elevation of 4400 to 4600 m a.s.l. Since the juniper tree-rings were in most 
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cases extremely narrow (often less than 0.1 mm), five rings (pentades) had to 
be combined for one isotope sample. Unfortunately, the pentade blocks of dif
ferent juniper trees could not always be taken from synchronous time periods. 
Therefore, averaging the single 013 C records has resulted in a smoothed data 
series of annual values (annually averaged pentade blocks). The ring widths 
of the spruce trees proved to be rather wide. Therefore, it was no problem 
to separate samples on an annual basis. Analytical reproducibility, including 
sample preparation and mass spectrometric measurement, was generally bet
ter than 0.1%0. In order to enable a comparison of trees with different 013 C 
mean values, especially with regard to the set-up of an isotope chronology, 
the 013C values were normalized to the same average for the overlapping se
quences by substracting the difference 'of the two means from the mean of 
each respective individual raw data set. 

Table 14.1. Correlation coefficients r (at *P :::; 0.05, **P :::; 0.01, ***P :::; 0.001) 
between mean tree-ring 613C differences (D613Cspruce) and temperature differences 
(DTQa) of various time intervals measured at Qamdo and mean surface temperature 
differences ofthe Tibetan Plateau (DTTibP) after Liu and Chen [636]. The vegetation 
period is from May to September and the Summer is from June to August. 

correlation 
r 

D613Cspruce DTTibP 

mean Summer 
DTQa(Annual) 0.36* 
DTQa(Veg.period) 0.59*** 
DTQa(Summer) 0.67*** 
DTQa(June) 0.40* 
DTQa(July) 0.45** 
DTQa(August) 0.50*** 
DTQa(September) 0.56*** 

0.74** 

For calibration of the carbon isotope proxies with instrumental records, 
the meteorological data set from the Qamdo weather station (3241m a.s.l.) 
was used, as well as calculated regional means of surface temperatures by Liu 
and Chen [636] (see Table 14.1 and Fig. 14.7). Unfortunately, the reliable cal
ibration of isotope values with recent meteorological data causes a number of 
difficulties. Most meteorological stations on the Tibetan Plateau were estab
lished in the early 1950s and, therefore, only data for the last 40 years are 
available. Nevertheless, annually resolved 013 C variations from spruce do show 
significant positive correlations with different monthly mean and seasonally 
averaged temperatures of the vegetation period as measured at Qamdo, the 
nearest station 1000m below the tree site. 

The highest correlations between 013C and temperature changes do exist 
with averaged monthly mean summer temperatures (TJJA ) and whole vege
tation period temperatures (TMJJAs)' Regional climate is frequently recon-
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Fig. 14.7. Comparison of year to year ol3C (D013C) summer temperature changes 
at Qamdo with the corresponding averaged summer temperature changes of the 
Tibetan Plateau (TibP) after Liu and Chen [636] (a). Comparison of year to year 
013C (D013 C) changes as deduced from tree-ring series of spruce with the summer 
temperature changes at Qamdo, covering the period from AD 1950 to 1994 (b). 

structed as an average of several instrumental data series. The recent study 
of Liu and Chen [636] uses monthly surface air temperature data from 78 
meteorological stations on the Tibetan Plateau (TibP) since their installation 
in the 1950s. 

Linear regression analysis reveals that tree-ring carbon isotopes of the 
Qamdo site correlate significantly with the regional summer temperature data 
set (Table 14.1) , although it is sometimes difficult to compare site specific data 
to other locations, because ecological settings are rarely the same. At Qamdo, 
the temperature coefficient T, derived from least-square linear regression with 
year to year mean summer surface temperature, is +0.26%o;oC. The summer 
temperature changes of the regional mean are somewhat lower which results 
in a higher T of +0.38%o;oC for the Tibetan Plateau. 

Helle et al. [449] have shown that both species, spruce and juniper show 
similar isotope variations. Thus, the temperature calibration of annually re
solved spruce 013 C enables a climatic interpretation of the long juniper 013 C 
pentade record. However, carbon isotope records of trees from many regions 
show a decline. According to the steadily increasing CO2 concentration of the 
atmosphere, releasing 13C depleted CO2 , the 013C values of the last 150 years 
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must not be compared with the previous, pre-industrial data unless corrected 
accordingly. In this study, three possible corrections are presented (Fig. 14.8) . 
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Fig. 14.8. The 8I3 C time series of the Qamdo juniper trees from AD 450 to 1992. 
The grey shaded area marks the possible shifts between a mere 8I3C02 source correc
tion and an additional pC02 effect of 0.2%0/10 ppm [305]. The dashed-dotted curve 
in between the grey shaded area represents a pC02 correction of 0.073%0/10 ppm, 
as deduced from greenhouse experiments with oak trees [561]. 

Moderate corrections just considering the changing atmospheric CO2 con
centration with its 13C02P2C02 shift would not lead to increasing 013C val
ues corrobating a warming trend observed in ice core archives of the Himalaya 
for the last decades of this century (e.g., [1061]). A decrease ofroughly 0.7%0 
persists. Only an extreme correction, which allows for the massive impact of 
pC02 on the carbon isotope fractionation at leaf level and, thus on 013C in 
tree-rings leads to an increasing 013 C trend which would point to increas
ing temperatures. The extreme correction exhibits an additional pC02 effect 
of 0.2%0/10 ppm derived from carbon isotope studies on tree-rings from arid 
sites. In contrast, the juniper site at Qamdo is rather humid (mean annual 
precipitation > 800 mm), i.e. this correction might not be appropriate. The 
nearest meteorological station at Quamdo recorded no trend in summer tem
perature at all. In contrast, GISS analysis of surface temperature change based 
primarily on meteorological station measurements indicates a decrease of sum
mer temperature (JJA) for the period AD 1900 to 2000 of ,...., -1.0°C [427], 
[428]. This is in good agreement with the slight decrease in the temperature 
regime arising from the stable carbon isotope record of juniper tree-rings after 
the moderate pC02 correction. If the extracted T value of ,...., 0.26%o;oC is 
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adopted, several periods (AD 780 to 860; AD 1225 to 1380; AD 1640 to 1670; 
AD 1700 to 1715; AD 1770 to 1780; AD 1810 to 1830) can be given in which 
temperatures may have been by at least 1.0°C higher than the average of 
-18.45%0 as deduced for the period from AD 611 to 1800. The most promi
nent deviations, i.e. positive temperature excursions, are found for the periods 
from AD 788 to 850 and from AD 1204 to 1360 respectively. It is interesting to 
note that the shift from a minimum to the subsequent maximum is generally 
proceeding faster than the corresponding decline from high isotope levels to 
low levels. The periods of transition from cold to warm phases appear to have 
been always rapid, while the transitional periods from warm to cold seem to 
have been sluggish. 

14.2.4 Biome Model Based on Pollen Spectra 

Lake sediments from the Dead Sea are a sensitive recorder of the past Holocene 
climate in the Near East. This comes from the special location in between cli
mate sensitive areas of different vegetation types. There are three main vege
tation areas around Dead Sea basin: the Mediterranean, the Irana-Turanian, 
and the Sahara-Arabian territory. Each of them has a typical climate and 
thus a different vegetation varying from Mediterranean forest to dry desert 
vegetation. It is generally agreed that vegetation areas existed in the same 
composition during the complete Holocene section. Climate changes caused a 
shift of the areas, giving the Dead Sea basin a varying influence of the differ
ent vegetation types, what can be detected by fossil pollen spectra. Sediment 
cores have been taken from the western margin of the Dead Sea basin by the 
GFZ Potsdam in 1997. These cores, which have a depth of up to 21 m, include 
fossil pollen spectra of the past 10.000 years. Within the scope of this section 
we describe how to use transfer functions to reconstruct climate variables from 
these fossil pollen spectra. 

The reconstruction is obtained by a so called 'biome model', which is based 
on a definition of three biomes B 1 , •• • ,B3 according to the aforementioned 
vegetation areas (Fig. 14.9a). In addition, a typical pollen spectrum is given for 
each biome, which is a surface pollen spectrum taken from pollen traps spread 
over the different territories. These typical pollen spectra allow to classify any 
other pollen spectra from the Dead Sea basin. Whether recent or fossil, they 
can be connected to a unique combination of the biomes. Several methods to 
define a typical pollen spectra have been tried, for example an EOF analysis. 
However, an uncommon approach is now to describe this combination in terms 
of probabilities, i.e. the vegetation state is interpreted as the probabilities of 
occurrence for the biomes P(B1 ), ••• ,P(B3)' 

Applied to the pollen spectra from the sediment core, p(BD, .. . ,P(B~) 
with the superscript If' for fossil data give the vegetation history around the 
Dead Sea. The assumption that the three biomes have not changed their 
composition and were the only biomes results in the condition 
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3 

LP (BD = 1 (14.1) 
i=l 

For this reason, the vegetation history can be plotted in triangular coordi
nates with each coordinate axis representing the probability of occurrence for 
one of the three biomes. Figure 14.9b gives an idea how this illustration could 
look like, but it is a methodological figure at present, which is not based on 
any data. 
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Fig. 14.9. Three main vegetation areas around the Dead sea, digitized on a 0.50 x 
0.50 grid for comparison with the Global Mean Monthly Climatology 1901- 1995 by 
New et al. [763] (a) and the visualization of the vegetation history in triangular 
coordinates (b). The coordinate axes represent the probability of occurrence for one 
of the three biomes. 

The climate variables are also treated as random variables, and hence they 
are also described by probabilities or probability density functions respec
tively. The climate state vector kf is going to be reconstructed for two cases, 
and consists of the components winter temperature and annual precipitation 
(TDJF , PAnn ) and summer temperature and annual precipitation (TJJA' PAnn ) 

respectively. These variables are typical definitions of summer and winter tem
perature. They appear to be the most valuable climate variables to indicate 
the climate state of each biome (see Fig. 14.10). The variable PAnn has not 
been subdivided in seasonal means, because the bulk of precipitation occurs 
in winter. Recent data basis for these variables is the O.SO x OS' Global Mean 
Monthly Climatology 1901-1995 by New et al. [763]. It allows to estimate the 
transfer function p(kIBi ), which is the conditional probability denSity func
tion for the climate state k given the biome B i . This function is assumed to 
be time-independent: 

Cond(Bflk) = Cond(B~lk) (14.2) 
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Furthermore the recent vegetation state taken from surface pollen spec
tra is described by p(Bn, ... , P(BD and the historical vegetation state 
by P(Bp, ... , p(BD as aforementioned. Now the biome transfer function 
Cond(Bilk) whith i = 1,2,3 can be deduced from the Bayes theorem: 

Cond(Bflk) = cond(:IBD x P(BD 

Ep(kIBi) 
i=l 

(14.3) 

Finally the most probable climate state vector kf results from minimizing 
the differences between Cond(Bflk) and P(Bf} over all kf and for i = 1,2,3. 

It can be seen easily that the models behaviour depends largely upon 
the transfer function cond(kIBi)' Attention has to be paid to this function 
since the reconstruction is just as accurate as the estimation of cond(kIBi) 
from recent climate data. Furthermore it has to be verified the biomes can 
be distinguished in climate phase space. Otherwise no discrete solution for kf 
would be possible. But looking for a parametric description of the bivariate 
climate state vector kr faces a general problem. While the temperature values 
can be parameterized by the normal distribution, the precipitation values 
show an asymmetric distribution (see histogram plot in Fig. 14.10). In this 
case the assumption of a bivariate normal distribution would be definitively 
misleading, causing a systematic shift in the most probable climate state for 
each biome. 

Although there are several multivariate distributions, the normal distri
bution is commonly used. The main problem is to find both a simple and 
general parametrization of non-linear dependencies of the components. Other 
multivariate distributions are either quite complex in their mathematical de
scription or not very exhaustive in describing a wide range of data. One of 
these alternative distributions is the Johnson distribution, which is a non
linear transformation of the Normal distribution [505]. Possible covariance 
structures are limited, but nevertheless the Johnson distribution provides a 
good parametrization of the transfer function cond(kIBi) through a low de
pendency between temperature and precipitation values. We only want to 
show the application of the Johnson distribution rather than to treat formal 
definitions or algorithms for estimating parameters [1164]. 

The climate distribution for the three biomes parameterized by the John
son distribution is given in Fig. 14.10, and it can be seen that the biomes can 
be clearly distinguished in bivariate climate phase space, which is an essential 
requirement for estimating the most probable climate state vector. Looking 
towards a reconstruction of Holocene climate in the near east pollen data 
has to be applied to the biome model. This has not be done so far because 
the palynological analysis of the pollen traps and the sediment core is still in 
progress. For this reason we remain with a methodological description of how 
transfer functions are used in this case study, a method of biomization, which 
takes into account the stochastical nature of the climate system. 
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Fig. 14.10. Climate distributions for the three biomes Bi, i = 1,2,3 in terms of the 
bivariate probability density function p(kIBi) and parameterized by the Johnson 
distribution (surface plots) . The moment matching algorithm [1164] was used to 
estimate the parameters from the climate data set. The histogram plot shows the 
marginal distribution of PAnn in non-parameterized as well as in parameterized form. 
The grey tones correspond to that ones used in Fig. 14.9b. 

14.3 Summary 

In this chapter, five case studies were presented, in which quantitative paleo
climatic related variables from different proxies (i.e. pollen, diatoms, carbon 
isotopes) were estimated in order to reconstruct the regional climate and en
vironmental history. The aim was to show the applicability of the statistically 
based approaches as well as their potential and importance in paleoclimate 
research. The paleotemperature reconstructions at Lake Lama (case study 1) 
using different proxies and different methods revealed similar trends of the 
inferred temperatures. However, especially the different ranges of pollen and 
diatom-based temperatures indicate that the results have to be carefully inter
preted in terms of the model performance and the climate signal transferred 
to the proxy. The WA-based TP reconstructions at two German sites (case 
study 2 - Lake Woserin, case study 3 - Lake Holzmaar) showed that especially 
aquatic organisms quickly respond to changes in their environment. The di
atoms acted in both cases as indicator for increased human activities, though 
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the reconstruction at Lake Holzmaar may also indicate a climatic-related sig
nal at least for some time intervals. The linear regression-based reconstruction 
using carbon isotopes from tree-rings (case study 4) is well suited for temper
ature reconstruction at high elevation sites like the Tibetan Plateau, where 
growth is considered to be temperature limited. However, anthropogenic ef
fects of changing atmospheric 813 CO2 and pC02 aggravate calibration with 
measured meteorological data and comparison of the last 150 years with pre
industrial data. The probability-based approach outlined in case study 5 is an 
attractive and sophisticated alternative to other, commonly used, methods. 
To date, there are few examples for using probability density functions to 
reconstruct paleoclimate variability (e.g., [1069]). However, within the frame 
of KIHZ, a paleoclimate reconstruction using pollen distributions from sedi
ments of the Dead Sea is currently carried out and could provide more realistic 
and reliable quantitative paleoclimatic estimates in the future. 
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Climate Information from Stable Hydrogen 
and Carbon Isotopes of Cg Plants - Growth 
Chamber Experiments and Field Observations 

Christoph Mayr, Peter Trimborn, Josef Lipp, Thorsten E. E. Grams, 
Wolfgang Graf, Hans-Dieter Payer and Willibald Stichler 

Summary. This chapter deals with the processes that affect the carbon and hydro
gen isotope ratios of plant cellulose. Under natural conditions the influence of a single 
climate parameter on the isotope composition of tree-rings cannot be evaluated ex
actly, because of the strong interdependences of the climatic parameters. Results 
from growth chamber experiments with bean plants (Vicia faba) are presented, in 
which temperature, relative humidity and irrigation were varied independently from 
each other. All these parameters were found to be negatively correlated with the /)13C 
values of stem cellulose. The /)D values of stem cellulose were influenced mainly by 
the humidity of the ambient air and by the isotope signal of the source water. The 
experimental results may help to explain /)D and /)13 C values in plant material for 
the purpose of climate reconstructions. As an example, stable isotope chronologies 
from tree-rings of spruces (Picea abies) from two different sites in Southern Germany 
are interpreted in the light of the experimental results. 

15.1 Introduction 

The Farquhar model [328], [295] describes the 813C value of plant carbohy
drates as a function of CO2 concentration (ca ), 813 C value of atmospheric 
CO2 (813 CJ, and a parameter strongly dependent on plant physiology (ratio 
of internal to external CO2 concentration, cdca). Furthermore, diffusion of 
CO2 (Ca = 4.4%0) and biochemical fractionation (cb = 27%0) are taken into 
consideration by constant fractionation factors. The model is expressed by the 
equation of Francey and Farquhar [328]: 

(15.1) 

The sensitivity of carbon isotope ratios of plants to climate results from 
variations of cd ca. Provided that ca remains constant, this ratio is governed 
only by the internal carbon dioxide concentration, which depends on the CO2 

supply, i.e. the stomatal conductance (g), and on the CO2 demand, i.e. the net 
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assimilation rate (A). The balance between A and g is strongly influenced by 
the weather conditions and is recorded in the 013C values of plant material. 

A variety of authors reported significant correlations between meteorolog
ical parameters and stable carbon isotope ratios of tree-rings (see e.g., reviews 
of Switsur and Waterhouse [1033]j [448]). However, in many field studies the 
013C variations could not be attributed to a single climate variable, but re
flected a composite climate signal at various sites (e.g., [627], [854], [703]). 
Separating the different climatic influences of the isotope signal in plant car
bon is difficult, because climatic parameters are often strongly correlated with 
each other. 

The on values of plant cellulose are - among others - dependent on the iso
topic composition of the soil water taken up by the plant, which is usually fed 
by precipitation. Several authors demonstrated the potential of on and 01BO 
values of tree-rings to record variations of the isotope composition of precipi
tation (e.g., [924], [1175]). The isotopic composition of precipitation provides 
information about temperature during its formation [215]. However, the iso
topic signal of the source water is altered due to enrichment of deuterium 
in leaf water during plant transpiration, and by isotopic exchange between 
leaf water and atmospheric water vapour, which is usually less enriched in 
2H than the soil water. The processes determining the isotope composition 
of leaf water were found to be controlled mainly by the humidity in ambient 
air [892], [1155]. Thus, on values of plant cellulose record a complex climate 
signal and depend on the relative humidity and on the isotopic composition 
of soil water and atmospheric water vapor. 

This short introduction shows that there are various physico-chemical and 
physiological influences that lead to the isotopic composition of plant material. 
It is of great interest to quantify the effect of single climate parameters inde
pendently from each other, which is only possible under controlled conditions 
in greenhouse or growth chamber experiments. The growth chamber experi
ments presented in this study were carried out to determine the influence of 
changes in water availability, air temperature and relative humidity on the 13 C 
and 2H signature of plant tissue. Our results provide possible explanations for 
plant isotope responses under different site conditions. As an example, the 
stable isotope compositions of tree-rings from Norway spruces (Picea abies) 
at two different sites are re-interpreted in the light of the presented results. 

15.2 Material and Methods 

15.2.1 Experimental Design and Sampling 

Bean seedlings (Vicia Jaba) were germinated in pots under identical conditions 
in a natural loamy soil. After two weeks, the seedlings were transferred to four 
growth chambers (phytotron facility, GSF, Neuherbergj see [807], for technical 
details of the growth chambers) and were further cultivated eight weeks under 
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controlled conditions. The climate conditions of the growth chambers differed 
in relative humidity and in temperature. Two temperatures (18°C, 28°C) and 
two relative humidities (30%,60%) were used as boundary conditions for in 
total four cultivation experiments. Actually measured values of temperature 
and humidity differed only slightly from the nominal values (see Table 15.1). 
The experiments were carried out in an isotopically open system and the air 
exchange rate was relatively high (750m3 /h), to avoid effects like e.g. the 
uptake of respired CO2 by the plants. 

Table 15.1. Results from isotope and gas exchange measurements of the growth 
chamber experiments. Temperature ('19), relative humidity (RH) and irrigation level 
(IL) was changed resulting in eight different 'climate' combinations. Given temper
atures and relative humidities are means of measurements between 11:00 and 16:00 
o'clock, the daytime when climate conditions were constant. Measured values of gas 
exchange (ratio of intercellular to ambient C02 concentrations: Ci/Ca, net assimi
lation rate: A, stomatal conductance: gH 20 ) and 0 values determined on cellulose 
nitrate (ODCN and 013CCN) are means (4 ~ n ~ 13 for isotope ratios, n = 5 for 
gas exchange data) from different individuals. Errors are standard deviations of the 
mean. 

Climate data isotope ratios Leaf gas exchange data 

IL '19 RH ODCN O"'CCN Ci/Ca A gH 2 0 

°C (%) (%0) (%0) (Ilmols-lm-2) (mmols-1m-2) 
'high' 18 33 -102 ± 6 -26.3 ± 0.4 0.70 ± 0.02 12.1 ± 1.1 186 ± 26 
'high' 28 58 -110±7 -29.6 ± 0.6 0.79 ± 0.02 13.4 ± 1.6 337 ± 73 
'high' 18 62 -116±6 -27.9 ±0.8 0.73 ± 0.04 14.7 ± 1.4 259 ± 52 
'high' 27 31 -106 ±6 -28.8 ±0.6 0.73 ± 0.02 10.3 ± 2.3 193 ± 47 
'low' 18 33 -94±4 -23.3±0.7 0.48 ± 0.04 7.0 ± 2.0 61 ±20 
'low' 28 58 -103 ± 1 -28.0 ±0.2 0.66 ±0.02 8.3 ± 2.0 115 ±42 
'low' 18 62 -103 ±4 -24.9 ± 0.4 0.56 ± 0.04 9.9 ± 1.4 102 ± 20 
'low' 27 31 -95±2 -26.1 ± 0.3 0.60 ±0.08 5.5 ± 1.7 67±22 

Additionally, the plants were divided into two groups per chamber, which 
obtained different levels of irrigation. One group was cultivated with abundant 
water supply, the other grew up with low irrigation and under drought stress. 
The irrigation treatments were controlled with tensiometers and by determin
ing water loss with weight measurements. Ten individuals of Vicia faba were 
exposed to each of the eight climate conditions (Table 15.1). Other parameters 
like irradiation, diurnal pattern of climate variation, fertilization, etc., were 
identical in all chambers. Plants were harvested at the end of the experiment 
for stable isotope analyses of plant water and plant tissue. 
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15.2.2 Sample Preparation and Stable Isotope Analysis 

Water samples were obtained from cryogenic distillation of soil and plant 
samples in vacuo. Water oD values were determined with a mass spectrometer 
linked to an automated preparation system using uranium to reduce water to 
hydrogen gas. 

For the determination of the carbon and hydrogen ratios in plant tis
sue, cellulose nitrate was extracted from the samples. Samples were nitrated 
according to standard techniques [281], using a nitric-phosphoric acid mix
ture [7]. Nitration is necessary to eliminate exchangeable hydroxyl hydrogen. 
Cellulose nitrate samples were combusted in evacuated and sealed glass tubes 
and heated 12 hours at 500°C in the presence of copper and copper oxide. In a 
preparation line the tubes were broken in vacuo and the combustion products 
were separated by sequential cryogenic distillation [1006]. H2 0 was reduced 
to hydrogen [75], which was trapped using a uranium pump [341]. 

Isotope ratios were determined with mass spectrometers (Delta-S, Finni
gan MAT, Germany) and are expressed as 0 values ([448]). Precision of both 
preparation and mass spectrometry for cellulose nitrate samples is 2%0 for oD 
and 0.1%0 for 013C. The oD measurements of water samples have a precision 
of 1%0. 

15.2.3 Gas Exchange Measurements 

Leaf gas exchange was measured under ambient conditions using a steady
state porometer (CQP-130, Walz, Effeltrich, Germany), which was connected 
to a cold trap (MGK-1, Walz, Effeltrich, Germany) to adjust relative humid
ity to conditions outside of the cuvette. One leaf of Vicia faba was enclosed 
carefully in the Plexiglas cuvette of the porometer head. The leaf remained 
attached to the plants throughout the measurement. The leaf gas exchange 
rate was constant after 3 to 5 min. Subsequently, the difference in CO2- and 
H20-concentration of the air entering and leaving the gas exchange cuvette 
was recorded using an infra-red gas analyser (IRGA) and then the next leaf 
was measured. For a more detailed description of leaf gas exchange measure
ments see [1114]. Together with leaf and air temperature data (measured 
using thermocouples inside of the porometer head) net-C02-exchange (A), 
stomatal conductance to water vapour (gH20) and cJca (relation of internal 
to external CO2 concentration) were calculated according to von Caemmerer 
and Farquhar [1102]. 

15.2.4 Tree-ring Chronologies and Meteorological Data 

The stacked tree-ring 8l3 C and oD records are from two different sites in 
Southern Germany, SchuBbach and Klosterreichenbach. Each chronology con
sists of annually resolved records from late wood of five individual spruces 
(Picea abies). 
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The isotope record of the site Schuf3bach was already investigated by Lipp 
and Trimborn [624] and Lipp et al. [625], [628], [626]. This site is a rather 
warm and dry site in Middle Franconia (near Bad Windsheim, Germany) 
with relatively low precipitation rates and comparatively high temperatures 
during the vegetation period ('" 340mm and '" 15°C, May to September), 
located 330 m above sea level. Roots have no access to groundwater and in 
dry summers the trees suffer from drought stress [628]. For further details of 
the site conditions see [628], [626]. 

The second site, Klosterreichenbach, is located in the Black Forest (Ger
many, 900 m above sea level) and receives higher amounts of summer precipi
tation and lower temperatures ('" 750mm and", 12°C from May to Septem
ber) than the Franconian site. Furthermore, the site is characterized at times 
by stagnant soil water. Stable isotope records from firs (Abies alba) and site 
conditions were already reported by Lipp et al. [627] and Edwards et al. [267]. 

Before attempting the correlation of the data, the 013C values of the 
spruces were high pass filtered (by subtracting the 15a Gaussian low pass fil
tered values from the record) to eliminate possible non-climatic trends caused 
by the anthropogenic changes in atmospheric CO2 concentration and isotope 
composition (see [448]). The oD values of the spruces were corrected for growth 
dependent trends which overlay the climate signal [394], [625]. 

Meteorological data for correlation were taken from the next weather sta
tions, Neustadt / Aisch (Franconia, period used for correlation: 1950-1981) and 
Hornisgrinde (Black Forest, 1953-1980), respectively. 

Grid box precipitation data were constructed and supplied by M. Hulme 
(Climate Research Unit, Norwich). The data set 'gu23wld0098.dat', Version 
1.0 was used for correlations. This precipitation data set is gridded at 2.5° 
latitude by 3.75° longitude resolution and bases on station time series, which 
were area-averaged [480]. Grid box data were chosen for correlations, because 
of their higher reliability in comparison to meteorological data from a single 
weather station. The Franconian tree-ring data were correlated with data from 
grid box 5332 (constructed from time series of five stations), the isotope values 
from the Black Forest site with data from grid box 5235 (six stations). For 
further details about the gridding method and the data set see [480], [481] 
and [482]. 

15.3 Results and Discussion of the Experiment 

First results of the same experiment, concerning mainly the 013 C values of the 
Vicia faba plants that were grown with abundant water supply, have already 
been published by Edwards et al. [267]. The study presented here, includes 
013C values from stem cellulose nitrate of Vicia faba of both irrigation groups. 
Furthermore, information about leaf gas exchange and oD values of the soil 
and plant water and of plant cellulose nitrate are presented. Data are shown in 
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Table 15.1 together with the corresponding temperature and relative humidity 
conditions in the different chambers. 

15.3.1 Stable Hydrogen Isotopes - Input Signal, Leaf Water 
Enriclunent and the Influence of Plant Physiology 

It is of major interest for paleoclimatic reconstructions from oD values of tree
rings to specify the different climatic influences affecting the isotope composi
tion of plant cellulose. The results of the experiment give valuable information 
in this respect. In the following, the changes in hydrogen isotope composition 
under varying climate conditions along the pathway from source water to 
plant cellulose are presented. Fig. 15.1 compares the oD values of the soil 
water with the oD values of plant water and cellulose nitrate under different 
irrigation levels. The figure only shows isotope data of plants cultivated under 
60% relative humidity (leaf water oD data for 30% relative humidity are in
complete). All plant oD values of Fig. 15.1 are presented versus the respective 
soil water oD values. The oD values of the soil water differed between the two 
irrigation groups because of different evaporation conditions in the pots. On 
average the values were -8004 (±OA)%o within the well irrigated and -62.3 
(±3.5)%0 within the low irrigated group at the end of the experiment. The 
average oD values of soil water of the group with abundant water supply was 
nearly identical to that of the tank water used for irrigation (-80.3 ± 1.5%0). 

The extracted soil water and the plant stem water were not significantly 
different and no hydrogen isotope fractionation occurred during water uptake 
of the plants, which is demonstrated by the regression equation that reflects a 
1:1 relationship (Fig. 15.1a). In contrast, the leaf water samples were markedly 
enriched in 2H relative to soil water (Fig. 15.1b), which is the result of the 
transpiration process that takes place in the leaves. The extent of enrichment 
obviously was dependent on the water availability of the plants: Vicia faba 
plants with high irrigation level were enriched by 56%0 and 58%0, those with 
low irrigation by 46%0 and 52%0 under the respective temperatures 18°C and 
28°C (Fig. 15.2). No conclusive reason for the observed differences in leaf 
water enrichment between the two irrigation groups can be given at present. 

Despite of the fact that various biochemical steps lie between leaf wa
ter and cellulose formation, all of which are accompanied by further isotope 
fractionations, the oD values of cellulose nitrate of the Vicia faba plants still 
reflect the corresponding leaf water oD composition, which is evident in the 
similar slopes of Figs. 15.1b and 15.1c. The overall biochemical fractionation 
caused a shift of about -95%0 (Fig. 15.1c), but apparently was not influenced 
by climatic variations. 

Apart from irrigation (and to a lesser extent also temperature), variation of 
the air humidity had a significant influence on the oD values of cellulose nitrate 
(oDON )' A decrease in the relative humidity of 30% resulted in an enrichment 
of cellulose nitrate of 8%0 on average (Fig. 15.3). Models which describe the 
stable isotope composition of leaf water [315], [1155] predict that the isotopic 
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Fig. 15.1. Average oD values of stem water (a), bulk leaf water (b) and stem 
cellulose nitrate (c) of beans (Vicia jaba) vs. oD values of the corresponding soil 
water. The graph shows plants that were cultivated under the same relative humidity 
conditions (60%) but different temperatures (18°C, 28°C at midday). The two kinds 
of symbols represent a low (triangles) and a well (circles) irrigated group. The two 
dots of each symbol represent the two different temperature conditions, that are not 
specified any further in the graph, because temperature had only little influence on 
isotope values. Error bars represent one standard deviation of the mean (n = 4 for 
plant water oD, 4 ~ n ~ 12 for plant cellulose 8D, 1 ~ n ~ 4 for soil water oD). 

composition of leaf water is a function of the isotopic composition of stem 
water (source water), the isotopic composition of atmospheric water vapor 
(which had in the chambers a oD value in the range of -120%0 to -150%0) 
and of the ratio of the partial pressures of water vapor in ambient air and in 
leaf intercellular spaces (ea/ei)' The model is expressed in its Simplest form 
by the equation [315]: 

Rl = a* [akRX (1- ::) + Ra (::)] (15.2) 

Since the air in the intercellular spaces is assumed to be saturated with 
water vapor, ea / ei in approximation is equal to the relative humidity of the 
ambient air. In the extreme case of 100% relative humidity (ea/e i >=::i 1) the leaf 
water isotope ratio (Rl ) should be determined only by the isotope ratio of the 
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Fig. 15.2. Deuterium enrichment ofleaf water relative to stem water (ODleafwater
oDstem water) of the bean plants that were cultivated under the same relative hu
midity (60%), but with different irrigation level and temperature. Irrigation levels 
are characterized by different column patterns. Higher water supply led to slightly 
higher deuterium enrichment in the leaves. 

water vapor of the ambient air (Ra) and the equilibrium fractionation factor 
(0:*) between liquid water and water vapor. The lower the relative humidity 
is, the higher are the net diffusion fluxes from the leaf to the air and the 
isotope ratio of the source water (Rx), enriched by O:k (the kinetic fractionation 
factor), will increasingly have an influence on RI • Under natural conditions, the 
source water is generally far more enriched in deuterium than the atmospheric 
water vapor, similar as in the experiment. Therefore a decrease in relative 
humidity should result in an increase in the 8D values of the leaf water and 
consequently also in the 8D values of plant's carbohydrates, which are derived 
from it. The 8D values of cellulose nitrate of the bean plants grown under 
different relative humidity conditions confirm these theoretical considerations. 

To summarize, the 8D values of plant cellulose in the experiment were 
determined by the 8D value of the soil water and by the extent of deuterium 
enrichment of the leaf water. The deuterium enrichment in the leaf water 
was mainly controlled by relative humidity and to a lesser extent also by 
water availability. On the one hand a decrease in relative humidity caused 
a higher deuterium enrichment of leaf water (and subsequently of cellulose 
nitrate), on the other hand drought conditions (low irrigation) led to slightly 
lower leaf water enrichment possibly due to physiological reactions of the 
plants. The overall biological fractionation had a constant value, which is in 
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Fig. 15.3. Mean oD values of cellulose nitrate (ODCN) from Vicia faba versus oD of 
stem water. Each point represents a specific climate condition. The plants grown un
der low relative humidity (RH) conditions are distinguished from the high humidity 
group. Open symbols represent the low (RH 30%) , black symbols the high humidity 
group (RH 60%). Triangles and circles give the irrigation status as in Fig. 15.1. 

agreement with the considerations of Roden et al. [892] , but is in contrast to 
the assumption of a temperature dependent biological fractionation [1155]. 

15.3.2 Stable Carbon Isotopes - Response of Plant Physiology to 
Climate Conditions 

Since all Vicia faba plants were exposed to the same air and thus supplied 
with CO2 of identical stable carbon isotope composition, variations in the 013 C 
values among the plants resulted only from physiological plant responses. In 
that case, variations of plant 013 C values are caused by different cdca ratios 
according to equation 15.1. The cdca values were calculated from leaf gas 
exchange measurements. Our experimental findings confirm the well known 
correlation between cdca ratios and 013 C values (Fig. 15.4) which is given by 
a linear regression with a negative slope. 

In a next step, the impact of climate parameters on cdca and 013 C val
ues was evaluated. An increase of both relative humidity and irrigation led 
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Fig. 15.4. The 013 C values of stem cellulose nitrate (013CCN ) vs. the ratios of 
intercellular to ambient CO 2 concentrations (e;,/ca ) determined by gas exchange 
measurements on Vicia faba leaves. Triangles represent the low, circles the well 
irrigated group. Legends next to data points indicate the corresponding temperature 
and relative humidity conditions (in italics for the group with high water supply). 
The dependence of 013C values on e;,/ca is clearly indicated. Irrigation, temperature 
and relative humidity variations affect Ci/Ca and hence 013C independently. Error 
bars represent one standard deviation (n = 5 for gas exchange data, 4 ~ n ~ 12 for 
013CCN ). 

- due to increased stomatal conductance (gH20) - to higher cjca ratios and 
subsequently lower 013 C values. Surprisingly, an increase of temperature had 
a similar effect (Fig. 15.4). The last mentioned result is further confirmed by 
growth chamber investigations of other authors. Almost all experiments in 
which only temperature was varied, provided negative temperature-013 C cor
relations (compare review of Schleser et al. [936)). This is remarkable, since 
most field studies report positive correlations between temperature and tree
ring 013 C data. The discrepancy may be explained by the strong interde
pendences of climate parameters under natural conditions and their effect on 
013C [267]. 

The irrigation level, however, did not only affect the absolute 013 C values 
of Vicia Jaba, but had also a Significant effect on the sensitivity of carbon 
isotope ratios to record temperature and humidity variations. Temperature 
and relative humidity variations affected the 013 C values of the plants with 
drought stress more strongly than those with high water supply. 
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Water availability is one of the most important parameters with respect 
to carbon isotope fractionation in C3 plants. Therefore we calculated, in ad
dition to the earlier published data [267], response surfaces for both irriga
tion levels that demonstrate the position of 8I 3 C contour lines in a relative 
humidity-temperature diagram (Fig. 15.5a,b). In a linear model, the response 
to temperature (19, in °C) and relative humidity (RH, in %) is given by the 
equation 

8I 3 C = (-0.33 ± 0.01) x 19 - (0.060 ± 0.005) x RH - (15.4 ± 0.4) (15.3) 

for the low irrigation group and by 

8I 3C = (-0.22 ± 0.05) x 19 - (0.040 ± 0.016) x RH - (21.2 ± 1.3) (15.4) 

for Vicia faba with high water supply. Equation 15.4 corresponds to the 
formula published by Edwards et al. [267]. 

Rei. Humidity (%) 

ReI. Humidity (%) 

Fig. 15.5. Contour line diagrams describing the calculated 813 CCN contours in a 
relative humidity-temperature space for Vicia faba obtaining two different irrigation 
treatments. The 813CCN contours of the plants with high water supply (a) have 
the same slope as those of the plants that obtained low irrigation (b) but differ in 
absolute values and in their density. Diagram 15.5a corresponds to Fig. 2 in [267] . 
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The slope ofthe 013C contours under low irrigation (t1{)/t1RH = -0.18°C/ 
%) equals the one under high irrigation (t1{)/t1RH = -0.18°C/%). However, 
the density of the 013C contours is significantly lower under high irrigation 
(Fig. 15.5a). The difference in the density of 013C contours in the diagrams 
graphically demonstrates that the sensitivity of 013 C values to variations of {) 
and RH is highly dependent on water availability. 

Our experimental results suggest that the interpretation of the 013C signal 
in plant material under natural conditions should carefully take into consider
ation the specific site conditions. The 013 C values of tissue of C3 plants reflect 
a complex climate signal, that includes the parameters water availability, tem
perature, and relative humidity of the air. The predominant influence factor 
on 013 C has to be determined at each site separately. 

15.4 Interpretation of Stable Isotope Ratios from 
Tree-rings in View of the Experimental Results 

In the following section the oD and 013C values from tree-rings of Norway 
spruces of two sites are compared and interpreted with respect to the results 
shown above. The site in the Black Forest (Klosterreichenbach) has lower 
temperatures and higher precipitation rates compared to the Franconian site 
(SchuBbach). 

In general, the significance level of correlation between 013C and oD and 
meteorological data (taken from closest meteorological stations) was higher at 
the SchuBbach site (Tables 15.2, 15.3). At both sites significant correlations 
between 013C and oD values were always positive with temperature and in all 
cases negative with precipitation and relative humidity. Table 15.2 and 15.3 
demonstrate that the only climate parameter significantly correlated with 
both isotope species at both sites is the precipitation sum in the summer 
months June to August, when late wood is formed under Middle European 
climate conditions [627). 

Two factors may restrict the significance of these correlations: the short 
observation period and the limited reliability of a single meteorological data 
set. These restrictions were avoided by correlating the isotope records with 
grid box precipitation. Correlations between tree-ring isotope values and pre
cipitation data of June to August of the respective grid boxes were calculated. 
The high pass filtered 013C chronologies of both sites were highly correlated 
with the mean precipitation sum of June to August of the grid box data 
(Table 15.2). The explained variance was markedly higher (45%) at the dry 
SchuBbach site than at the Klosterreichenbaclt site (31 %), where also less 013 C 
variance was observed (Fig. 15.6). 

Similar results were obtained from the correlations of the oD values and 
the gridded precipitation data. The gridded amounts of summer precipitation 
explained 42% of the variance of the oD record at the Franconian site. In 
contrast, the Black Forest oD record had lower variance (Fig. 15.7) and a 
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Fig. 15.6. Comparison of 15 year high pass filtered 013 CCN values (bold line, t:.013C) 
of Klosterreichenbach spruces and SchuBbach spruces with gridded summer precipi
tation data (dotted line) from the corresponding grid box (gbx 5235 and gbx 5332, re
spectively) of the interval 1900-1974. Precipitation data are from 'gu23wld0098.dat' 
and were constructed and supplied by M. Hulme, C.R.U., Univ. of East Anglia, UK. 
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Klosterreichenbach spruces and SchuBbach spruces with gridded precipitation data 
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lower correlation coefficient with the grid box precipitation data (R2 = 0.15, 
Table 15.3). 

Table 15.2. Squared correlation coefficients (R2 values) between 013C tree-ring 
records (Picea abies from Schufibach and Klosterreichenbach) and meteorologi
cal data. Meteorological data are from nearby weather stations (Neustadt/Aisch, 
Hornisgrinde) and from grid box precipitation data (gbx 5332/5235 of 
'gu23wld0098.dat'). 013C values were high pass filtered (15 a filter). Significant values 
are bolded and significance levels are indicated by asterisks: *p < 0.05; **p < 0.01; 
***p < 0.001 (t-test). 

013C Schufibach (Franconia) 

Meteorological data R2 values of correlation with 

Data set months precipitation humidity temperature 
May 0.00 0.01 0.19* 
June 0.14* 0.10 0.14* 
July 0.28** 0.35*** 0.26** 
August 0.08 0.13* 0.22** 

Neustadt September 0.00 0.03 0.04 
1950-81 October 0.00 0.00 0.00 

May-July 0.41 *** 0.22** 0.41*** 
June-Aug. 0.53*** 0.30** 0.46*** 
July-Sep. 0.29** 0.28** 0.18* 
May-Sep. 0.45*** 0.04 0.36*** 

Gbx 5332 June-Aug. 0.45*** 
1900-1974 

013C Klosterreichenbach (Black Forest) 

Meteorological data R2 values of correlation with 

Data set months precipitation humidity temperature 
May 0.Q1 0.00 0.00 
June 0.06 0.16* 0.00 
July 0.11* 0.31** 0.11 
August 0.18* 0.24** 0.08 

Hornisgrinde September 0.06 0.05 0.00 
1953-80 October 0.03 0.04 0.00 

May-July 0.13 0.24** 0.05 
June-Aug. 0.33** 0.35*** 0.13 
July-Sep. 0.33** 0.31** 0.10 
May-Sep. 0.30** 0.28** 0.07 

Gbx 5235 June-Aug. 0.31*** 
1900-1974 
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Table 15.3. Squared correlation coefficients (R2 values) between 8D tree-ring 
records (Picea abies from SchuBbach and Klosterreichenbach) and meteorologi
cal data. Meteorological data are from nearby weather stations (Neustadt/ Aisch, 
Hornisgrinde) and from grid box precipitation data (gbx 5332/5235 of 
'gu23wld0098.dat'). 813C values were high pass filtered (15 a filter). Significance 
levels are indicated by asterisks: *p < 0.05; **p < 0.01; ***p < 0.001 (t-test). 

8D SchuBbach (Franconia) 

Meteorological data R2 values of correlation with 

Data set months precipitation humidity temperature 
May 0.03 0.05 0.07 
June 0.01 0.01 0.04 
July 0.09 0.25** 0.25** 
August 0.23** 0.25** 0.25** 

Neustadt September 0.00 0.00 0.00 
1950-81 October 0.03 0.00 0.02 

May-July 0.11 0.16* 0.26** 
June-Aug. 0.18* 0.23** 0.36*** 
July-Sep. 0.18* 0.24** 0.33*** 
May-Sep. 0.20** 0.03 0.34*** 

Gbx 5332 June-Aug. 0.42*** 
1900-1974 

8D Klosterreichenbach (Black Forest) 

Meteorological data R2 values of correlation with 

Data set months precipitation humidity temperature 
May 0.00 0.00 0.05 
June 0.30** 0.15 0.01 
July 0.00 0.02 0.00 
August 0.19* 0.18* 0.06 

Hornisgrinde September 0.07 0.08 0.01 
1953-80 October 0.13 0.12 0.13 

May-July 0.05 0.06 0.00 
June-Aug. 0.26** 0.13 0.02 
July-Sep. 0.02 0.12 0.02 
May-Sep. 0.09 0.13 0.00 

Gbx 5235 June-Aug. 0.15*** 
1900-1974 

In conclusion, both carbon and hydrogen isotope data of Norway spruces 
at the dry Franconian site show a more distinct response to meteorological 
parameters than at the wet Black Forest site. For the explanation of the field 
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observations with the experimental results the assumption was made, that 
there are no basic differences in the 013 C response to climate between spruces 
and Vicia faba. This assumption is supported by yet unpublished results of 
growth chamber experiments recently carried out by the authors, that show 
similar patterns of 013C responses to temperature and relative humidity as 
for Vicia faba also for other C3 plant species (Eucalyptus globulus, Brassica 
oleracea) for a broad range of {) and RH. 

Additionally, it has to be mentioned, that not only climate parameters 
affect 013 C values of plants under natural conditions, but also irradiation, 
nutrient availability, diseases, air pollution, etc. However, these factors were 
considered to affect mainly the 013 C long-term trends and to have less impact 
on the interannual 013C variations than climate. 

In a natural environment, temperature and relative humidity usually are 
strongly dependent on each other, unlike in the experiment. Temperature and 
relative humidity are negatively correlated in Middle European climate. The 
slopes ofthe regression equations between the summer (June-August) temper
ature and the relative humidity of the meteorological data were Ll{) / LlRH = 
-0.12°C/% (Neustadt, Franconia; R2 = 0.32) and Ll{)/LlRH = -0.16°C/% 
(Hornisgrinde, Black Forest; R2 = 0.65). Assuming that 013 C response sur
faces for trees grown up under natural conditions have contour lines of similar 
slope as those of Vicia faba (Ll{)/LlRH = -0.18°C/%) with respect to tem
perature and relative humidity, these two parameters vary closely along a 
013C contour line. As a result, 013C changes due to temperature and relative 
humidity compensate each other. Consequently, the climate signal of 013 C is 
mainly determined by another parameter, the water availability, which de
pends on the precipitation amount. Results recently published by Warren et 
al. [1131] confirm the dependence of conifer tree-ring 013C values on water 
availability. In agreement with their observations, the influence of water avail
ability on 013C is higher at the site where drought stress occurs (SchuBbach). 
At the site in the Black Forest, soil moisture is hardly a limiting factor and 
therefore the influence of precipitation is less significant, as indicated by less 
variance of 013C. Accordingly, at both sites the 13C contents are determined 
by precipitation and the observed significant correlations of 013C with tem
perature or relative humidity, are mainly caused by the interrelation of the 
climate parameters. 

The oD signal of cellulose reflects the isotopic composition of the source 
water and the signal of the relative humidity, which controls the isotopic ex
change of leaf water with atmospheric water vapour. On the assumption that 
the results of the Vicia faba experiment also apply to the spruces, the con
tribution of humidity variations to the oD signal in cellulose nitrate can be 
estimated to be at most 5%0, taking into account the observed summer humid
ity variations at the meteorological stations. The variations of the tree-ring 
oD values at the Franconian site (SchuBbach) exceed this value by far, indi
cating that mainly the oD signal of the soil water was recorded. Soil water 
oD is highly dependent on the oD of precipitation at that dry site because 



15 Climate Information from Stable Hydrogen and Carbon Isotopes 279 

of the absence of water mixing in the soil [626]; an indication for that is the 
high percentage of explained variance of tree-ring oD values with the grid box 
precipitation data. The oD values of precipitation, however, are mainly de
termined by temperature and only to a lesser extent by precipitation amount 
('amount effect', [215]). Therefore the highly Significant correlation of tree
ring oD values with gridded precipitation amount is again the result of the 
strong interrelations of the climate parameters. At the wet site (Black Forest), 
the oD signature of precipitation was certainly smoothed due to water mixing 
in the soil, which is obvious in the lower significance of the correlation with 
gridded summer precipitation amounts. An alternative explanation could be 
that a mixing of water occurs within the tree, because the roots tap water 
from different soil depths. However, this can be excluded for Norway spruce 
as this species has an extremely flat rootstock. 
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Detection of Climate Modes as Recorded in a 
Seasonal-resolution Coral Record Covering the 
Last 250 Years 

Norel Rimbu, Gerrit Lohmann, Thomas Felis, and Jiirgen Patzold 

Summary. The time series of oxygen isotopes (0180) from a northern Red Sea coral 
is used to identify atmospheric circulation and sea surface temperature anomaly 
patterns related to interannual to decadal variability during different seasons of the 
year. We make use of seasonal resolution coral data for the period 1751-1994 and 
various instrumental climate data sets. It is shown that during the winter season 
(January jFebruary) the coral 1)18 0 variability at interannual time scales is related 
to a Northern Hemisphere atmospheric circulation mode similar to the Arctic Oscil
lation. Physically consistent large-scale sea surface temperature anomaly patterns 
are detected. In other seasons interannual coral 0180 variability is related mainly to 
regional processes. The Arctic Oscillation appears to be the dominant atmospheric 
circulation pattern which controls decadal variability in this coral record during the 
winter season. We suggest that the 1)180 signal of corals from the northern Red Sea 
can be used to extract information on large-scale Northern Hemisphere atmospheric 
circulation regimes as well as regional processes associated with climate variability 
over Europe and the Middle East during the pre-instrumental period. 

16.1 Introduction 

Massive corals from the surface oceans provide an important archive of climate 
variability [175], [1081], [299]. The past variations of large-scale phenomena 
such as the EI Nino-Southern Oscillation (ENSO) or the Arctic Oscillation 
(AO) are well documented in the oxygen isotope (8180) time series of tropical 
[1081] and subtropical [874] corals. 

It was shown [299] that the bimonthly 818 0 time series from a northern 
Red Sea coral (Ras Umm Sidd) contains information on the correlation of At
lantic and Pacific climate indices with Middle East climate variability during 
the past 250 years. Here, we concentrate on the seasonal aspects of large-scale 
atmospheric teleconnections as documented in this coral record. For the Mid
dle East there are indications that these processes are largely dependent on 
the season. During winter, North Atlantic processes control Middle East cli
mate variability [284] while during the summer season, aridity in this region 
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seems to be linked to the intensity of the Asian Monsoon [894). In order to 
understand the processes related to northern Red Sea coral 8180 variability, 
the bimonthly resolution time series of Felis et al. [299) as well as various his
torical sea surface temperature (SST), sea level pressure (SLP), and reanalysis 
data sets are used. 

The paper is organized as follows. Data and methods are described in 
Sect. 16.2. The variability of the coral 818 0 time series for different seasons is 
discussed in Sect. 16.3. Large-scale atmospheric circulation and SST anomaly 
patterns associated with interannual variability in the coral data are presented 
in Sect. 16.4. The SST and SLP patterns associated with decadal variability 
in the coral record for different seasons of the year are analyzed in Sect. 
16.5. Spectral properties of the coral time series are discussed in Sect. 16.6. 
Summary and conclusions follow in Sect. 16.7. 

16.2 Data and Methods 

16.2.1 Coral Data 

The coral 8180 time series used in this study is described in detail in [299). 
A coral core was collected in the end of November 1995 in the northern Red 
Sea at Ras Umm Sidd (27°50.9/N, 34°18.6/E) in the Ras Mohammed National 
Park near the southern tip of the Sinai Peninsula (Egypt), from a 2.6-m-high 
coral colony growing at a water depth of about 5.5 m. The average annual 
growth rate of the coral is about 1 cm/year. The reef is directly exposed to 
open-sea conditions. Depth greater than 900 m are reached within 2 kilometers 
from the sampling site. This location provides a good representation of large
scale oceanic and atmospheric conditions at a coastal site. Oxygen isotope 
analysis was performed at the stable isotope laboratory of the Department of 
Geosciences at Bremen University, Germany [299). Isotopic values are reported 
relative to the Vienna peedee belemnite (VPDB) reference standard. 

The coral chronology was constructed by setting the maximum coral 818 0 
value in a given year equal to mid-February (consistent with the climatological 
minimum in SST) and assuming a constant coral growth rate between Febru
ary of each year. Therefore, a linear interpolation between these fixed points 
was used for further age assignments. The resulting values were linearly inter
polated to six equally spaced values per year, providing a bimonthly resolution 
[299). The strong seasonal cycle in 8180 was used to count annual layers in 
the coral, supported by the consistent density banding pattern of low-density 
band creation during winter and high-density band creation during summer. 
The coral record extends from fall 1750 to fall 1995. 

This bimonthly-resolution time series was used to generate time series 
of coral 8180 for different seasons of the year (January/February (JF), 
March/April (MA), May/June (MJ), July/August (JA), September/October 
(SO), and November/December (ND)) for the period 1751-1994. 
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16.2.2 Instrumental Data 

In order to study the physical mechanisms controlling coral 0180 variability, 
various historical SST and SLP data sets are used. Large-scale SST patterns 
are constructed using the SST over the period 1856-1991 from Kaplan [520]. 
This data set was constructed by applying the Reduced Space Optimal Es
timation method to the global SST data set MOHSST5 (ATLAS7) from the 
U.K. Meteorological Office. In this way, 136 years (1856-1991) of analyzed 
global SST monthly mean anomalies (with regards to normals of 1951-1980) 
were obtained. The resolution of this data set is 5° latitude x 5° longitude. 

In order to construct the Northern Hemisphere SLP patterns, monthly 
mean SLP data on a 5° latitude by 5° longitude grid-point basis over the 
period 1899-1994 described by Trenberth and Paolino [1072] is used. This 
data set is based on historical daily SLP maps from various sources [1072]. In 
addition, we have used the SLP data set of Kaplan [521] covering the period 
1856-1991 (4° latitude x 4° longitude horizontal resolution). 

Regional SST and wind patterns are based on data from the Compre
hensive Ocean-Atmosphere Data Set (COADS) (resolution 1° latitude x 1° 
longitude) [222] and the NCEP /NCAR reanalysis (resolution 2.5° latitude x 
2.5° longitude) [519], respectively. 

16.2.3 Methods 

Three distinct time scales are considered separately in our analysis: linear 
trend, decadal (> 7 years) and interannual « 7 years). We choose the (7 yr)-l 
frequency to split the interannual and decadal coral 0180 variability. Seven 
years fall near the low-frequency end of the spectrum of tropical climate vari
ations associated with ENSO and near the high-frequency end of decadal and 
interdecadal climate variations of the North Pacific and Atlantic climate sys
tems. The linear trend is calculated using root mean square techniques [1110]. 
The linear detrended data are filtered in the interannual and decadal bands 
using a Fourier filtering procedure [1110]. For filtering the data we have used 
the statistical routines developed at the Max-Planck Institute for Meteorology 
in Hamburg (http://www.mpimet.mpg.de/Depts/MaD). 

Large-scale SST and SLP patterns are identified using regression maps. 
These maps are constructed by calculating the regression coefficients between 
the normalized coral 0180 time series and the SST and SLP anomaly time 
series from each grid point. 

For spectral analysis of the coral 0180 time series, the Toolkit 4.0 software 
package [372] is used. Prior to spectral analysis the individual time series are 
detrended by removing the linear trend and normalized to unit variance. The 
power spectrum is calculated using the multitaper method (MTM) [1056], 
[372]. 
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16.3 Coral Record Variability. Seasonal Dependence 

The coral 0180 time series for different seasons are presented in Fig. 16.1. 
All time series show a negative linear trend. The trend varies between 
-1.407 x 10-3 %o/year in SO to -0.949 X 10-3 %o/year in JF. 
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Fig. 16.1. Coral <')180 time series for different seasons during the period 1751-1994. 
Original time series (dotted line), decadal component (solid line) and linear trend 
(dashed line). Units are (%0 VPDB). 

Superimposed on the linear trend, the coral 018 0 time series show strong 
decadal variations. The percentage of the variance explained by the decadal 
component varies between 17.4% in SO and 26.1% in JF. The decadal compo
nent of northern Red Sea SST explains a comparable percentage of the total 
SST variance suggesting a possible control of SST on coral 018 0 variability at 
decadal time scales. 

16.4 Interannual Variability of the Coral Record 

The regression maps of SLP and SST for the winter season (JF) (Fig. 16.2) 
show consistent patterns. Interannual coral 018 0 variability during this season 
is connected with a Northern Hemisphere pattern similar to the AO SLP 
pattern (Fig. 16.2a) [1058]. When the AO is in its positive phase (low pressure 
over the northern polar region and high pressure over the mid-latitudes), an 
enhanced cold air advection from the north in the eastern Mediterranean and 
the northern Red Sea occurs [874]. This advection produces negative SST 
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Fig. 16.2. Regression maps of (a) sea level pressure, (b) sea surface temperature 
with coral 8180 at interannual time scales for the winter season (JF) for period 
1899-1994 (Units are hPa and QC) , (c) the 20-year running correlation coefficients 
between northern Red Sea (NRS) , western North Pacific (K), western subtropical 
North Atlantic (G), and eastern North Atlantic (ENA) SST indices (see text for 
details) and the coral 8180 time series at interannual time scales for winter season for 
the period 1856-1991. Running correlation coefficients are plotted on the beginning 
of each 20-year period. The horizontal dashed lines indicate the 95% confidence 
level. 

anomalies which are recorded as high values of 8180 by the northern Red 
Sea coral. The corresponding SST regression map (Fig. 16.2b) shows that 
high values in coral 818 0 are accompanied by positive SST anomalies in the 
central and western North PaCific, along the east coast of Florida and the 
northwestern coast of Europe. In the same time the tropics are dominated by 
negative SST anomalies. In the northern Red Sea, negative SST anomalies 
occur in association with high values of coral 818 0 . 

The correlation between local SST and the coral record is not constant 
in time [299]. Variations in the 8180 of the ambient sea-water also affect 
coral 8180 variability. In addition, biological processes during coral growth 
can play a role. In order to know how /the relation between northern Red Sea 
(NRS) SST and the coral 8180 record varied through time we constructed the 
correlation in a 20-year moving window for the period 1856- 1991 (Fig. 16.2c). 
The correlation is negative except during the period 1890- 1920 when it is 
close to zero. Interestingly, the AO signal in the coral record is small over this 
period [874]. Similar relationships were observed with respect to the mean 
annual coral 8180 time series, local SST, and the index of the North Atlantic 
Oscillation (NAO) [299]. 

The SST regression map (Fig. 16.2b) shows that the central and western 
North PaCific, the western subtropical North AtlantiC, and the eastern North 
Atlantic are the most important regions connected with interannual variabil
ity of our coral record in the winter season. For each of this three regions we 
define an SST index by averaging the SST anomalies over (200N-40oN j120°E-
1800E), (200N-400Nj800W-600W), and (400N-600Nj100W-lOOE) , respec
tively. Because the first two regions include the major surface currents in 
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the North Pacific and Atlantic oceans (i.e., Kuroshio and Gulf Stream), we 
will refer to them as K index and G index, respectively. 

The 20-year window correlation curve of the K index and the coral time 
series for JF (Fig. 16.2c) indicates a non-stationary connection between varia
tions in coral 8180 and North Pacific SST at interannual time scales. The cor
relation is positive and highly Significant for the windows starting in 1856-1880 
and positive and marginally significant for the windows starting in 1925-1945 
periods. The mean correlation over the entire 1856-1991 period is positive 
(r = 0.30) and significant at the 95% confidence level. The window correla
tion between the G index time series and the coral 818 0 record (Fig. 16.2c) is 
positive over the entire period (the mean correlation coefficient is 0.45, signif
icant at the 95% confidence level). The eastern North Atlantic SST anomaly 
(ENA) index and the coral 818 0 record (Fig. 16.2c) are positively correlated 
over almost the entire 1856-1991 period. An interesting behavior is presented 
by the window correlation curve (not shown) between tropical Pacific SST and 
the coral 8180 record during the winter season (JF). The correlation is posi
tive after the 1970's while before the 1970's a negative correlation coefficient 
prevails. This shift in the correlation between the coral record and tropical 
Pacific SSTs is due to the non-stationarity in the ENSO teleconnections over 
Europe and the Middle East [876]. 

The SLP regression map for the summer season (JA) shows relatively 
small-scale features over the Northern Hemisphere with highest anomalies 
over Europe and the Red Sea, respectively (Fig. 16.3a). This suggest that 
regional atmospheric processes play a dominant role in controlling the inter
annual coral 818 0 variability during this season. High values of coral 818 0 
are related to a wave-like pattern with high pressure over Scandinavia, low 
pressure over southeastern Europe, and high pressure over the northern Red 
Sea. This regional pattern favors the advection of cold air over the Red Sea 
and controls the coral 8180 variability through a mechanism similar to that 
during the winter season [874]. 

However, large scale phenomena like the Indian monsoon [894] could pro
duce a climatic signal detectable in the coral record. A possible influence of 
the Indian monsoon system on interannual coral 818 0 variability, possibly 
through the monsoon-desert mechanism [894], was suggested by Felis et al. 
[299] who identified coherent variations with the all-India summer monsoon 
rainfall index [989] at a period of about 5.7 years. The regression map of SST 
(Fig. 16.3b) suggests a possible ENSO influence on interannual variability in 
the coral 818 0 record. The window correlation between the Nifio3 index and 
coral 818 0 record (Fig. 16.3c) shows significant positive correlations only in 
the last decades while significant negative correlations dominate the beginning 
of the instrumental period. The window correlation between the coral 818 and 
northern Red Sea SST is negative for almost the entire instrumental period 
(Fig. 16.3c). 

The SLP and SST patterns associated with interannual coral 818 0 variabil
ity in the transition seasons (i.e., MA, MJ, SO, and ND) (Fig. 16.4) emphasize 
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Fig. 16.3. Regression maps of (a) sea level pressure, (b) sea surface temperature 
with coral 018 0 at interannual time scales for the summer season (JA) for period 
1899-1994, (c) the 20-year running correlation coefficients between northern Red Sea 
(NRS) and the tropical Pacific (TP) SST in the Nifio3 index region and the coral 
0180 time series at interannual time scale for the summer season for the period 
1856-1991. 

small-scale features_ This suggest an important role of regional processes in 
generating interannual variability in the coral 0180 record in these seasons. 

Fig. 16.4. Regression maps of sea level pressure (top) and sea surface temperature 
(bottom) with coral 0180 at interannual time scales for the transition seasons (ie., 
MA, MJ, SO, and ND) for the period 1899-1994. 

In order to obtain a more detailed picture of the regional circulation related 
to coral 018 0 variability at interannual time scales we calculated the regression 
maps of 850hPa wind and SST for each season (Fig. 16.5) . Both atmospheric 
circulation and SST patterns over the northern Red Sea are physically consis
tent and in good agreement with the large-scale SST and circulation patterns 
represented in Figs. 16.2, 16.3 and 16.4. These regional regression maps sup-
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port our findings that the main process which controls the interannual coral 
018 0 variability is the intensity of cold air advection from the north. Such 
an advection is related to a coherent large-scale circulation pattern similar 
to the AO in the winter season and to more regional atmospheric circulation 
patterns in other seasons of the year. 

Fig. 16.5. Regression maps of regional 850 hPa wind and sea surface temperature 
with coral 8180 at interannual time scales for the period 1948-1994. Units are ms- I 

and ce. 

16.5 Decadal Variability of the Coral Record 

The long-term instrumental observations of climate variability, such as SST, 
SLP, or precipitation emphasize strong decadal variations both at global and 
regional spatial scales [588]. These decadal variations are attributed both to 
internal processes within the climate system [588] or external forcings. Previ
ous studies [299], [874] identified the signature of the main modes of decadal 
climate variability in a northern Red Sea coral record. Here we investigate the 
SST and atmospheric circulation patterns associated with decadal variability 
in this coral record for each season as well as their physical consistency. 

The SLP pattern associated with decadal variability in the coral record in 
JF (Fig. 16.6a) projects strongly on the AO. The decadal variations of north
ern Red Sea SST during this season, which are related to decadal variability 
in the coral data, are controlled by this large-scale atmospheric pattern which 
modulates northern Red Sea SST through a mechanism similar to that for 
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interannual time scales. The corresponding SST pattern ~Fig. 16.6b) contains 
coherent large-scale structures. Decadal variations of 8 80 in the Red Sea 
coral record are associated with a Pacific Decadal Oscillation (PDO) SST like 
pattern [690] in the North Pacific and a NAO SST like pattern in the North 
Atlantic (Fig. 16.6b). 
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Fig. 16.6. Regression maps of (a) sea level pressure and (b) sea surface temperature 
with coral 818 0 at decadal time scales for the winter season (JF) for period 1899-
1994. Units are hPa and cC. 

The SST pattern remains almost unchanged when other seasons are con
sidered. The atmospheric circulation patterns resemble the AO in the winter 
season and show not large-scale coherent patterns in other seasons. 

16.6 Spectral Analysis 

A spectral analysis is performed in order to evaluate cyclicities in the coral 
818 0 time series with respect to different seasons of the year. Many obser
vational and modelling studies (e.g., [588], [246]) show that climate variables 
have enhanced variance at certain frequency intervals both at interannual and 
decadal time scales. 

Performing MTM spectral analysis [372] we find several significant peaks 
(Fig. 16.7). The most prominent mode, which is present in all seasons, has a 
period of 60-70 years. This mode was also identified in the bimonthly coral 
818 0 time series by Felis et al. [299]. The highest amplitude of this mode is 
recorded in MJ but it is significant in all seasons except in SO. Cycles with pe
riods of about 70 years were identified in the instrumental mean temperature 
record [937], in a tree ring reconstructed NAO index [185] as well as in coupled 
ocean-atmosphere model simulations [230]. The latter model study attributed 
this periodic variability to North Atlantic ocean-atmosphere interaction pro
cesses. For this reason this mode is often refered as the Atlantic Multidecadal 
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Mode [230]. The regression maps for SST and SLP for JF (Fig. 16.8) filtered 
in the 50-75 year frequency band suggest that the 60-70 year cycle in the 
coral record is related not only to North Atlantic but also to North Pacific 
processes. Both SST and SLP patterns are similar to the respective patterns 
associated with solar forcing at time scales longer than 30 years. Interestingly, 
the SLP pattern associated with coral 818 0 variability at this time scales is 
different from AO. Over the North Atlantic both SST and SLP patterns are 
similar to the leading SST mode and its associated atmospheric circulation 
described by Deser and Blackmon [235] , and identified also on composite maps 
associated with solar forcing. 
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Fig. 16.7. Power spectra of the coral 8180 time series for different seasons. Dashed 
lines indicate the 95% confidence level. 

Another significant peak in the power spectrum of the coral 8180 time 
series indicates an oscillation with a period of 20-25 years. It is significant 
only in JF and marginally significant in MJ and ND. In the winter season 
(JF) the coral 8180 variability at this time scales is related to a global SST 
pattern with a PDO SST like pattern in the Pacific Ocean and a NAO SST 
related pattern in the North Atlantic (Fig. 16.8). Globally this pattern is 
similar to the dominant mode of SST variability at this time scale described 
in various studies (e.g., [245]) . The associated circulation pattern (Fig. 16.8) 
projects strongly on the AO. 

At interannual time scales, the most stable cycle of 5-6 years, which ap
pears in all seasons, is Significant only in JF, MA, MJ, and SO. Rogers [902] 
reported some evidence for a NAO- ENSO connection and identified a 5.7-year 
oscillation as the most prominent period in the crosspectrum of these two in-



16 Detection of Climate Modes as Recorded in a Coral Record 291 

R[GR!SSIlN COItII. SST .r 51)-75 lU~S 

Fig. 16.8. Regression maps of sea surface temperature (top) and sea level pressure 
(bottom) with the coral 8180 record for JF for the (a, b) 50-75 year, (c, d) 17-25 
year, and (e, f) 4-7 year frequency intervals for the period 1856-1991. Units are hPa 
and °C. 

dices. It was suggested that the interaction between the Pacific-North Amer
ican pattern, which is enhanced during ENSO events [1126], and the NAO 
brings the ENSO signal from the tropical Pacific to the Middle East at this 
time scale [299]. The regression map of SST for JF (Fig. 16.8) filtered in the 
4-7 year frequency interval indicates a large-scale pattern which contains el
ements of ENSO SST anomalies in the tropical Pacific as well as AO related 
SST anomalies in the North Atlantic and the North Pacific. As explained in 
[876] prior to the 1970's high values in the coral 0180 record are associated 
with a positive AO pattern and negative SST anomalies in the tropical Pa
cific. After the 1970's high values in the coral 018 0 record are associated with 
positive SST anomalies in the tropical Pacific and a large-scale atmospheric 
circulation pattern which contains elements of the Pacific-North American 
pattern and the AO. The SST and SLP regression maps for this frequency 
interval (Fig. 16.8) show spatial structures of SST and SLP related to coral 
0180 variability both before and after the 1970's. 

At time scales smaller than five years the most stable peaks are recorded 
at 3.1-3.3 years as well as 2.7-2.8 years. They are significant in all seasons 
except JA. Similar cyclicities are detected in various climatic variables like 
North Atlantic SST [235] or Indian monsoon rainfall [299]. 
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16.7 Summary and Conclusions 

We have shown that a coral from the northern Red Sea has the potential 
to archive interannual and decadal climatic signals with respect to different 
seasons of the year. The results support the earlier findings that large-scale 
atmospheric teleconnections and regional climate variability are documented 
in the bimonthly 0180 time series ofthis coral [299]. 

During the winter season (January/February) a Northern Hemisphere at
mospheric circulation pattern similar to the AO largely controls the interan
nual coral 0180 variability. In other seasons the interannual coral 018 0 vari
ability is largely controlled by regional atmospheric and oceanic processes. 

The dominant atmospheric circulation pattern connected with decadal 
coral 0180 variability in the winter season resembles the AO. The correspond
ing SST pattern contains a PDO SST like structure in the North Pacific [690] 
and a NAO related SST structure in the North Atlantic. This SST pattern 
resembles that for interannual time scales. However the patterns of domi
nant modes of Atlantic decadal variability [246] and the Atlantic Multidecadal 
Mode [230] are visible in the regression maps from various seasons. 

Our study suggests that coral 018 0 time series with seasonal resolution 
contain valuable information about past atmospheric teleconnection patterns. 
We propose that the combination of proxy and instrumental climate data 
provides a valuable tool in order to identify large-scale climatic processes as 
recorded in geological data. 
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Phase Stability of the Solar Schwabe Cycle in 
Lake Holzmaar, Germany, and G ISP2, 
Greenland, between 10,000 and 9,000 cal. BP 

Heinz Vos, Cathrin Briichmann, Andreas Liicke, Jorg F. W. Negendank, 
Gerhard H. Schleser and Bernd Zolitschka 

Summary. Changes of solar activity - e.g. the solar Schwabe cycle - are frequently 
documented in those archives comprising the output of biological systems. The sig
nal transfer from the solar input signal to the biological output signal is supposed 
to be nonlinear with an output maximum for optimal conditions of the system. Un
der the assumption of long-term phase stability of the solar Schwabe cycle, phase 
analysis should enable the detection of phase jumps when optimal conditions are 
crossed during the secular development of the biological system. The current study 
compares two archives (sediment accumulation rate of Lake Holzmaar and MSA 
accumulation rate in the Greenland ice core of GISP2) which are controlled by bio
logical systems and influenced by the changes of climate in the surroundings of the 
Northern Atlantic. The same pattern of phase jumps of the solar Schwabe cycle is 
found in both archives and might permit high precision cross-dating of the archives. 

17.1 Introduction 

Recent studies focus on the importance of solar variability for climate change 
(e.g., [86], [418], [461], [534], [688], [746], [966], [1095]). The major element of 
solar variability on an annual to decadal scale is the solar Schwabe cycle with 
an average length of 11 years. Observations of solar activity over the last 300 
years show a modulation of the length of this basic cycle but phase analysis 
does not show large excursions from a stable phase, i.e. the average phase 
for century long intervals remains practically stable during the last 300 years. 
This stimulates the investigation of a stable average 11 years periodicity in 
archives of climate proxy data which are assumed to be influenced by solar 
forcing. 

The investigated Holocene archive of varved sediments of Lake Holzmaar 
(Germany) is strongly influenced by the biological productivity of the lake 
itself - to a great extent the varves consist of remains of the autochthonous 
algal production - and its catchment area [140], [760], [1118], [1189], [1186]. 
This biological productivity is supposed to react to changes of temperature, 
light, and presumably to changes in UV-radiation [399], [147], [244]. 
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In general, the behaviour of the biological system should be characterized 
by different types of dynamic elements: fluctuations caused by external cli
matic forcing like temperature and radiation changes, nonlinear interactions 
between individuals of the same or different species called population dynam
ics, and numerous other influences which are named 'noise' (e.g., [81], [139]). 
In contrast to a stable solar cyclicity, the fluctuations caused by population 
dynamics and 'noise' should not have a tendency to produce cycles with stable 
phases (cf. the simulated sequences by Henson et al. [452]). Therefore, it shall 
be possible to detect even weak biologically transferred solar input signals in 
the sedimentary output sequence if the interval of observation is long enough. 
The only problem is: The biological transfer of abiotic signals is, in general, 
supposed to be nonlinear (e.g., [176], [822]). Time series analysis of the out
put signal must take into acount this relationship when conclusions are to be 
drawn about the behaviour of the underlying input signal through time. 

Perturbed spectra and phase diagrams with phase jumps can be expected 
to be typical effects of nonlinear transfer. Such phase jumps are found in the 
sediment accumulation and algal productivity records of Lake Holzmaar dur
ing the period between 10,000 and 9,000 cal. BP. Comparable phase jumps 
can also be found in time series of the North Atlantic algal productivity docu
mented as MSA influx in Greenland ice cores. At both sites, Western Central
Europe and Greenland, presumably influenced by the northern Atlantic, ma
jor changes in algal activity can be found within the same time interval. This 
coincidence warrants a closer investigation on the causes which may trigger 
this behaviour. 

17.2 Biological Signal Transfer 

During the last two decades, the definition of a nonlinear relation has been 
based on ideas originating in nonlinear dynamics. When systems start from 
comparable initial conditions they can end up in completely different states 
after some time, depending on the attractor describing their behaviour. The 
loss of predictability of input/output relations is a result of such a situation 
(Fig. 17.1a). 

The normal definition of a nonlinear relation involves input/output rela
tionships which cannot be described by a linear function. Consequently, for 
all initial conditions with known inputs, the outputs can exactly be predicted. 
However, the input conditions are unpredictable if we analyze a special set of 
realizations of the output variables. This case is typical for biological systems 
or parts of them which normally tend to produce output maxima around spe
cific values of the input variables. Any deviation from the optimum causes a 
reduction of the output signal (e.g. productivity; Fig. 17.1 b). 

The dependence of biological systems on variations of abiotic input fac
tors follows in many cases well known nonlinear patterns (e.g. [176], [822]). 
The nonlinear dependence on input factors such as temperature and light is 



(a) 

· ....... .. 
·-------1 . 

o +------i..--~ 
o 

Input (t) 

17 Phase Stability of the Solar Schwabe Cycle 295 

(b) 7 (c) 
,..... 

6 ::::: 

~ 
,..... Ol 

<i ,S 5 

t:. c 4 

"5 .Q 3 
a. U 

2 ..- :J 
:J 'tl a e 
0 

!l. 
0 

0 0 10 20 30 

Input (t) Temperature(°C) 

Fig. 17.1. Nonlinear transfer - two cases and some examples: 
(a) Nonlinear transfer as a result of nonlinear dynamics - two different output 
signals can be obtained from the same starting or input conditions. The system is 
unpredictable. 
(b) A typical bellshaped biological transfer function - the same output can be gained 
by different inputs. The reconstruction of the systems input causes problems, i.e., it 
is not unequivocal. 
(c) Culture experiments with diatoms - the algal production depends nonlinearly 
on the input factor temperature (from [1153); grey dots: production of Pragilaria 
crotonensis after 9 days, black dots: production of Achnanthes lanceolata after 9 
days and white dots: production of Thalassiosira pseudonana after 8 days) 

basic knowledge about productivity of microorganisms (e.g., [128]) . For algal 
cultures, this dependence is described e.g. by Grobbelaar et al. [399] and Wer
res [1153] (see Fig. 17.1c). A typical modelling approach of this dependence 
is found in [830]. But not only productivity depends nonlinearly on tempera
ture, even the stable oxygen isotope fractionation during valve formation by 
diatoms or biogenic carbonate precipitation seems to follow nonlinear rela
tions [936]. 

Concerning time series analysis, the spectral information of the input sig
nal will be transformed into a combination of sum, difference and doubled 
frequencies in the resulting spectra of the nonlinearly transformed time se
ries (case (b) of Fig. 17.1). An example showing how the spectral peak of a 
high frequency component is split in a sum and a difference frequency peak 
after nonlinear transfer is shown in [1118] (Fig. 5, p. 174) . In general, the 
original frequency pattern is lost during transformation. However, under par
ticular conditions, there exist one or a few dominant high frequency sinusoidal 
components like the solar Schwabe cycle (11 years) and sufficiently different 
low frequency components like the secular Gleissberg (88 years) and Suess 
(208 years) cycles governing the longterm ups and downs of the input time 
series oscillating around the optimal input of a nonlinear transfer function. In 
this case, spectral information about the original input signal can be recovered 
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using techniques which consider this behaviour of input time series, transfer 
function, and resulting output time series [1118]. These techniques are based 
on the analysis of the phase behaviour of the underlying periodicities. 

17.3 Methods of Spectral and Phase Analysis 

The underlying ideas of phase and spectral analysis presented here are based 
on [1118]. In the meantime, the following improvements have been introduced: 
the handling of unevenly sampled data by the simulation of the sampling 
process, a different distance measure between theoretical and measured data, 
and different methods for the interpretation of phase diagrams to calculate 
spectral intensities. Therefore, a detailed mathematical formulation of the 
applied algorithms is given in this chapter. After a description of the time 
structure used, the construction of phase diagrams and spectra is described. 

17.3.1 Time Structure, Treatment of Time Series Data and 
Simulation of the Sampling of Sinusoids 

The following time series analyses consider series of real processes which in
clude the signals of interest and the unexplained part of the series called 
noise. As a representation in continuous form is not possible, the series shall 
be documented as a sequence or a set of sequences of measured values repre
senting integrated outcomes i.e. integrated variables within sufficiently small 
equidistant time intervals. 

Considering small equidistant time steps with index itimestep = 1, ... , 
ntimestep and a set ltimestep = {I, ... , ntimestep} as the set of original time 
steps, the time defining the end oftime step itimestep will be called t{itimestep)' 
These basic small time steps will be equidistantly distributed in time: 

t{itimestep) - t{itimestep - 1) = t{itimestep + 1) - t{itimestep) (17.1) 

The variable of interest shall be called x{itimestep) and represents the integra
ted outcome of the process within time interval [t{itimestep - 1), t{itimestep)]' 
If we want to get a definition of the variable which does not depend on the 
length of the time steps, a rate 

~(' ) _ x{itimestep) 
X ~timestep - t{' ) t{' 1) 

~timestep - ~timestep-
(17.2) 

can be calculated. 
Typical time steps can be yearly ones. They are supposed to be larger than 

the above mentioned ones. The yearly steps will be called iyear = 1, ... , nyear 

and the corresponding set Iyear = {I, ... ,nyear }. As for the basic time steps, 
the equidistant distribution in time is evident: 
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t(iyear ) - t(iyear - 1) = t(iyear + 1) - t(iyear ) (17.3) 

Yearly variables shall be called x(iyear ) and represent the integrated out
come of the process within the time interval [t(i year - 1), t(iyear )]. For each 
year a set of original time steps I(iyear ) = {itimestep E ltimesteplt(iyear -1) < 
t(itimestep) ::; t(iyearH can be defined. For thickness data the relation 

(17.4) 
i t i1'nestep EI( iyea'f') 

is valid while this assumption will be only a rough estimate if we consider 
other measured data. The corresponding rates are: 

'E x(itimestep) 
A ( • ) _ itime.tep EI( i year ) 
x ~year - t(' ) t( . 1) 

~year - ~year-

. 'E x(itimestep) 
itimestep EI( i year ) 

(17.5) 

and, if we take the year as time unit, 

(17.6) 

But in most cases, the samples to be analyzed look different. The age dif
ference is not constant because the sampling procedures normally do not yield 
samples of constant time intervals (but e.g. of equal sediment or ice thickness 
intervals which correspond to reconstructable volumes if the samples are taken 
with known horizontal dimensions given by the core diameter as in sediment 
or ice cores). In general, there exists a measured series of time intervals with 
index isample = 1, ... ,nsample and a set Isample = {I, ... , nsample} as set of 
samples. Additionally there can be defined a set of original time steps corre-
sponding to each sample: I(isample) = {itimestep E ltimesteplt(isample - 1) < 
t(itimestep) ::; t(isampleH The time defining the end of sample isample will be 
called t(isample)' The samples are in general not equidistantly distributed in 
time: 

t(isample) - t(isample -1) # t(isample + 1) - t(isample) (17.7) 

If the variable to be analyzed is given as thickness data, we consider values 

(17.8) 
itiTnestep EI( isamp!e) 

and rates 
'E x(itimestep) 

A (. ) _ itime.tep EI(i.ample) 
X ~sample - 11(' ) I 

~sample 
(17.9) 

For data which are not directly related to thickness (e.g., mass fractions 
etc.), this assumption is considered as a rough approximation. The resulting 
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series of averaged values is not suitable for the common procedures of time se
ries analysis. Downright troublesome will be the phase analysis of the stability 
of sinusoid signals. 

In a first step an equidistant surrogate time series of sedimentation rates 
might be generated. This new surrogate series should reflect the original time 
structure. The unknown sedimentation rates for the original time steps would 
be estimated as 

_(' ) _ x(isample) 
x ~time8tep - t(' ) t(' 1) 

~sample - ~sample-
for itimestep E I(isample) 

(17.10) 
Sampled data, different from thickness measurements, as e.g. concentration 

data, are converted to rates or influx data if this is possible and used as 
estimated rates for each time step. 

17.3.2 Phase Analysis 

As the new series has the time structure of the original series but the values of 
the sampled one, a direct comparison with sinusoids will not yield reasonable 
results. Instead of doing so, we will handle the sinusoids in the same way the 
data have been transformed, i.e. an artificial sampling of the sinusoids will be 
simulated. 

The sinusoids, which are typical for the input signal (e.g., the 11 years 
solar cycle) to be compared with the measured process outcome data, will be 
defined by wavelength and phase. They are analyzed one by one, ignoring the 
existence of the others. Relative amplitudes are a result of the comparison. 

We define j = 1, ... , nwavelength as index of wavelengths and the corre
sponding set of wavelengths shall be called J = {I, ... , nwavelength}' The 
different phases for each wavelength are defined by different maxima of the si
nusoid. For a better visualization in the phase diagrams to be plotted later on, 
the maxima will always cover two complete cycles. Phases will get the index 
m = 1, ... , nphase where nphase has to be a multiple of 8 for the calculation of 
spectral intensities based on phase diagrams (see equations 17.22 and 17.23). 
The corresponding set of phases shall be called M = {O, ... , nphase}' To de
fine the phase, the position of the first cycle maximum t first is chosen and 
the times of different cycle maxima (corresponding to phases) are calculated 
for wavelength Wj as 

t(j, m) = tfirst + 2wj x ~ 
nphase 

The values of the sinusoids to be compared are calculated as 

y(itimetep,j,m) = cos(21l'(t(itimestep) - t(j,m))/w(j)) 

(17.11) 

(17.12) 
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Fig. 17.2. Time series comparison of sampled sequence and a sinusoid: 
Upper part (a-d): Real time series: 
(a) signal of interest, e.g. a stable solar cycle 
(b) noise originating in other processes 
(c) sequence to be analyzed, combining signal and noise 
(d) result of nonequidistant sampling (samples between triangles) 
(e) Generation of equidistant surrogate of the real time series 
Lower part (h-f): Ideal sinewave and its transformations: 
(h) ideal sinewave 
(g) result of nonequidistant sampling of ideal sinewave 
(f) surrogate equidistant time series of ideal sinewave 

To get a sinusoid time series comparable to the data, the sinusoid series 
are sampled for itimestep E 1(isample) ' i.e. averaged, according to the way the 
measured data have been sampled: 

L y(itimestep, j, m) 
_(' .) _ itimestepEI(isa1nple) 

y ~timetep, J,m - 11(' )1 
~sample 

(17.13) 

For an arbitrarily chosen example, the relations are shown (Fig. 17.2). 
Figure 17.2a gives an example of an equidistantly integrated signal, Fig. 17.2b 
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shows an additional part called noise, and the resulting time series normally 
measured is the sum of both (Fig. 17.2c) which corresponds to x(itimestep) 

or x(itimestep) in equation (17.2). Assuming a variable measured by volume 
(e.g. layer thickness), sampling the series of Fig. 17.2c non equidistantly in 
time will result in the series shown in Fig. 17.2d corresponding to x(isample) 

in equation (17.8) or x(isample) in equation (17.9). Because of sampling, the 
information about the original signal gets partly lost. Figure 17.2h shows an 
adequate sinusoid for the comparison with the sampled data corresponding to 
equation (17.12). The correlation coefficient for the time interval shown in Fig. 
17.2 results in a relatively low value of 0.54. The sampled sinusoid is shown 
in Fig. 17.2g. The series of the surrogate values of the sinusoid corresponding 
to equation (17.13) is shown in Fig. 17.2f and the high correlation coefficients 
of 0.96 demonstrates the advantage of the chosen procedure. 

For a given time series, it is useful to calculate moving correlation coef
ficients between an ideal sinusoidal signal with known periodicity and phase 
and the measured series values. Especially in the case of nonlinearly trans
formed input signals, this approach gives some insight into the underlying 
processes. 

If we define a comparison window of length tlength' step size tstepsize' the 
time of the first window to be included in the analysis tstart' and the time of 
the last window to be included tend' the set of comparison windows iwindow 
is defined as 

Iwindow(tstart, tend' tstepsizJ 

= {itimestep E ltimestepltstart < t(itimestep) (17.14) 

:::; tend /\ mod(t(itimestep) - tstart' tstepsize) = O} 

and for each window with the time of the end of the central time step 
t(iwindow) a set of corresponding time steps is defined as 

I(iwindow, tlength) 

= {itimestep E ltimestep It( iwindow) (17.15) 

-tlength/2 < t(itimestep :::; t(iwindow) + tlength/2} 

Within a given window the correlation between time series and sinusoid 
can be calculated as 

r(iwindow' j, m) 
I: (x(itimestep) - X(iwindow)) (y(itimestep - y(iwindow)) 

= itiTnestepEI(iwindow,tlength) 17.16) 

I: (al(itiTnestep)-iiJ(iwindow))2 I: (ii(it iTnestep)-y(iwindow))2 
itimestep E "timestepE 

I(iwindow ,tZength) 1(iw indow ,tlength) 

with 
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Fig. 17.3. Nonlinear biological transfer of sinusoids and phase analysis for an ide
alized hypothetical example: 
(a) Transfer function between abiotic input (e.g. normalized temperature) and bio
logical output (e.g. production of biomass) 
(b) Hypothetical input signal time series (grey) and resulting biological output 
( black) 
(c) Phase diagram with correlation coefficients between sinusoids of the same wave
length of 11.04 years and different positions of the maxima (vertical axis); with time 
step = 0.1 years, window length = 50 years, step size = 1 year and 32 phases or 
maxima of the cycle 

and 

L:X(itimestel?) 
itimestep EI( i w i ndow ,tlength) x= --~~--~------~~ 

II(iwindow' tlength) I 

L:iJ( itimestep) 
itimestep EI( iwindow ,tZength) y = -.,--,------,=.,-

II(iwindow, tlength) I 

(17.17) 

(17.18) 

If we consider a biological nonlinear transfer function as shown in the 
example of Fig. 17.3a and a sinusoidal input combined with a decrease of the 
total signal in time (lower curve of Fig. 17 .3b), the upper curve of Fig. 17.3b 
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will be the resulting output ofthe process (e.g., organic mass accumulation). 
The phase relation of the sinusoidal signal in input and output is visualized by 
the vertical lines corresponding to the maximal input signal. The first half of 
the diagram (10,000 to 9,950 cal. BP) is characterized by input signal values 
higher than the input signal for the chosen optimum of the transfer function 
and the resulting output consequently shows a reversal of the original phase. 
Between 9,950 and 9,900 cal. BP the input signal crosses the optimal range 
around zero and the output signal reaches its maximum. The phase relation 
gets apparently lost in this region. The last time interval from 9,900 to 9,850 
cal. BP with low input signal values, i.e. below the input signal value of the 
optimum, shows a positive phase relation between input and output. 

Calculating moving correlation coefficients between both time series pro
duces the phase diagram shown in Fig. 17.3c. For a 50 years moving com
parison interval and a step size of one year, the underlying sinusoid with a 
periodicity of 11.04 years shows, at the beginning, the highest correlation 
(dark area) of the biological output with an ideal sinusoid of 11.04 year cycle 
length reaching peaks at 9,994 cal. BP and 9983 cal. BP (vertical axis), the 
lowest correlation (light area) is reached for a sinusoid with maxima at 10,000 
cal. BP and 9,989 cal. BP. The expected phase jump is detected around 9,925 
cal. BP. 

17.3.3 Spectral Intensities 

The interpretation of phase diagrams (Fig. 17.3c) of sinusoids of different 
wavelengths can be utilized for the generation of spectra showing the relative 
importance of those periodicities. Different kinds of spectral intensities can be 
calculated according to the underlying hypotheses about the way the input 
signal has been transformed: 

The linear case 

The sinusoid is not nonlinearly transformed and the phase diagram does not 
show phase jumps. The pattern of the phase diagram is characterized by 
continuous horizontal dark areas (in phase) and light areas of high positive 
and negative correlation separated by intermediate areas of low correlation. In 
this case, the calculation of a spectral intensity of a cyclicity with wavelength 
Wj for a comparison window length tlength' a window step size tstepsize within 
the time interval tstart to tend for a normal not nonlinearly transformed cycle 
will use the largest average correlation coefficient of all distinguished phases: 

Plinear(Iwindow' j) 

= ~ ""=1,.~.?;:a •• /2 [a(Iwindow' j, m) - a(Iwindow' j, m + (nphase/2)/2J~7.19) 
with 
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E Ir(iwindow,j,m)1 
(I .) - iwi-ndowElwi-ndow 

a window,J,m - II, I 
wtndow 
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(17.20) 

If the window length covers the complete time horizon to be analyzed, the 
analysis is reduced to the interpretation of a single window and the results 
are comparable to those of other methods of spectral analysis [502), [639), 
[929). The implemented algorithm permits the analysis of unevenly spaced 
data including an option to handle missing values or to exclude data which 
exceed a given range. This last option can be useful for the analysis of varved 
sequences with intercalated turbidities. 

The nonlinear case 

For nonlinearly transformed sinusoids, the average of the absolute values of 
the correlation coefficients shows its maximum for the phase which coincides 
with that of the input signal and a second maximum for a sinusoid which is 
half a cycle length delayed. Delays of a quarter and three quarters of a cycle 
length show the smallest averages of absolute correlation coefficients. 

A first option to calculate an indicator for the importance of the nonlin
early transformed input signal is based on the interpretation of the distribu
tion of averages of absolute correlation coefficients: 

absolutep (I J') nonlinear window' 

= ~ "'=1.'~~a •• /2 [a(Iwindow,j, m) + a(Iwindow' j, m + (nphase/2)/2)(17.21) 

- a(Iwindow,j,m + (nphase/2)/4) - a(Iwindow,j,m + 3(nphase/2)/4)] 

A second option consists in the interpretation of the standard deviations 
of the correlation coefficients in horizontal direction. Caused by the phase 
jumps, the standard deviation should be highest for the phase of the input 
signal and for a sinusoid of the same frequency, which is half a cycle length 
delayed. For sinusoids of the same frequency, which are one and three quarters 
of a cycle length delayed, standard deviations are small. A spectral intensity 
based on standard deviations is calculated as 

deviation (I ') 
Pnonlinear window' J 

= ~ "'=1.'~~a •• /2 [s(Iwindow, j, m) + s(Iwindow' j, m + (nphase/2)/2)(17.22) 

- s(Iwindow,j, m + (nphase/2)/4) - s(Iwindow,j, m + 3(nphase/2)/4)] 

with 

E (r(iwindow,j,m) - f(Iwindow,j,m»2 

s(Iwindow,j,m) = 
IIwindow I - 1 

(17.23) iwin dow Elwindow 

and 
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'E r(iwindow,j, m) 
-(I .) - iwindowElwindow 

r window')' m - II. I 
w.ndow 

(17.24) 

As the algorithms indicate, the spectral intensities of both approaches yield 
values between zero and one and are related to correlation coefficients. The 
first kind of nonlinear intensity will detect normal and nonlinearly transformed 
sinusoids while the second one highlights the nonlinearly transformed waves. 

A major problem consists in the difference of the wavelength of the high 
frequency signal ofinterest (e.g., the solar Schwabe cycle of 11 years) and the 
distance between phase jumps which depends on the lengths and amplitudes 
of the secular elements of the time series of the input signal (e.g., the 208 
years Suess cycle). IT a short window length is chosen, the phase jumps are 
most probably detected correctly, but the detection of a signal with stable 
frequency in a short noisy time series is less probable. IT a long window length 
is chosen, a signal with stable frequency can be distinguished from a noisy 
background more easily but the phase jumps are suppressed and the spectrum 
will detect the sum and difference frequencies known from the linear analysis. 
The window length to be chosen depends on additional information about 
secular elements known from previous studies about the input Signal. 

The importance of time control in the time series to be analyzed is obvi
ous. Inaccuracies in sampling and dating will cause problems for the nonlinear 
analysis introduced above. The spectral information has to be compared with 
the phase diagrams of the most important frequencies. This provides informa
tion about the quality of a detected frequency with high intensity and about 
the quality of sampling. As known from the analysis of the cores of Lake Holz
maar, the chosen interval of measured varve thickness data could be counted 
without problems and its time control is supposed to be excellent [1189]. This 
is reflected in the phase diagram of the solar Schwabe cycle (Fig. 17.7a). IT the 
detailed analysis of phase diagrams for known periodicities reflects the phase 
behaviour expected from theoretical considerations, the detection of other im
portant forcing periodicities by nonlinear spectral analysis is possible. IT this 
is not the case nonlinear spectral analysis can be misleading. 

One of the major drawbacks of the methods of spectral analysis introduced 
above is the relatively large computational effort. This is of special concern 
if the determination of significance levels is required. As analytical solutions 
of this problem do not exist, Monte-Carlo methods with an adequate set 
of simulated time series governed by a red noise process comparable to the 
analyzed time series have to be applied (e.g., [1070]). As the implementation 
of suitable software utilizing the advantages of parallel computing has not 
yet been finished, the spectra of Fig. 17.4 have to be interpreted with some 
caution. Therefore, the analyses of the time series from Lake Holzmaar and 
Greenland will concentrate on the phase diagrams of the solar Schwabe cycle. 

Another option to detect nonlinearly coupled sinusoidal signals would have 
been higher order spectral analysis (HOS), especially bispectral analysis [127], 
[460], [5], [44], [179], applied e.g. for the analysis of responses of the climate 
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Fig. 17.4. Spectral analysis of Lake Holzmaar varve thickness data: 
(a) Linear intensities for the time series of yearly mean sunspot numbers (timestep 
= 1 year, window length = 300 years, 32 phases) 
(b) Linear analysis of Lake Holzmaar varve thickness data (logarithms) from 10,050 
to 8,950 cal. BP (time step = 1 year, window length = 1100 years, 32 phases) 
(c) Nonlinear analysis of Lake Holzmaar varve thickness data (logarithms) from 
10,050 to 8,950 cal. BP (time step = 1 year, window length = 100 years, step size 
= 5 years, 32 phases) 

system to tidal and orbital forcing [55], [744], [871] . As the method presented 
here focusses on unevenly sampled data and the analysis of phase diagrams 
which can be directly related to the results of the spectra calculated according 
to equations (17.22) or (17.23) HOS methods have not been selected for the 
analyses. 

17.4 The Solar Schwabe Cycle in Lake Holzmaar and the 
MSA Sequence of GISP2 

For a comparison of time series, the hypothesis of comparability of phases 
of input signals will be assumed. Under this hypothesis, a set of time series 
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of different sites (Lake Holzmaar, Germany and GISP2, Greenland) will be 
compared within a suitable time interval. Suitable means among other aspects 
the relative absence of human interference with the ecosystem and its biodi
versity (e.g., [640]). For Lake Holzmaar, this represents e.g. the time interval 
between 10,000 to 9,000 cal. BP. At that time, the forest vegetation growing 
in the lake surroundings represented a stable cover over the catchment area. 
Neolithic human influence on the Holzmaar region is supposed to be still rel
atively low. Additionally, as the first analyses of varves have shown [1189], 
varve preservation and varve count ability is optimal during this time interval. 
In the GISP2 record, time control does not seem to be disturbed to a larger 
extent during the time interval between 10,000 to 9,000 cal. BP. Layer count
ing had to rely on interpolation for only 5 layer boundaries distributed over 
the time interval from 9,400 to 9,000 cal. BP [11], [993], [17]. 

The analysis is performed in four steps. In the first step, the existence of 
a prominent nonlinearly transformed periodicity of 11 years is detected by 
spectral analysis of the sequence of varve thickness from Lake Holzmaar. This 
time series has the best time control and the highest time resolution. In a 
second step, the biological control of the Holzmaar and the Greenland records 
is discussed. A third step shows the results of the stable isotope analysis of 
organic matter from Lake Holzmaar which is related to the biological pro
duction in the lake. Finally, in the fourth step, the phase pattern of the high 
resolution varve thickness sequence of Lake Holzmaar is compared with the 
phase pattern of the sequence of MSA accumulation of GISP2. 

17.4.1 The Solar Schwabe Cycle in the Varved Sediment Sequence 
of Lake Holzmaar 

As shown by Vos et al. [1118], this part of the Holzmaar varve thickness 
sequence is influenced by the solar 11 year Schwabe cycle. But the phase of 
this cycle is not stable and jumps several times half a cycle length up and 
down. Spectral analysis yields the linear and nonlinear spectra of Fig. 17.4. 
The uppermost spectrum shows the result of linear analysis of the yearly 
mean sunspot numbers from 1700 to 2000 AD. The two linear spectra take 
the length of the time series as comparison interval and are comparable to the 
results of common spectral analysis algorithms. The third nonlinear one uses 
a window length of 100 years, a step size of 10 years and 32 different positions 
of the first maximum for each periodicity. As all data are yearly data, the 
chosen length of the time step is one year. 

The spectrum of the sunspot time series shows a dominant peak at 11.03 
years with two side peaks around 10 and 10.5 years. (The peaks at the be
ginning of the spectrum reflect the high frequency aliases resulting from the 
basic time interval of one year.) 

The linear intensities of Lake Holzmaar (Fig. 17.4b) show a double peak for 
12.16 and 12.36 years and others for 26.51 and 30.33 years. If we suppose both 
pairs to represent sum and difference frequencies of nonlinearly transformed 
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periodicities of the input signal, the first pair hints to an original periodicity 
of 12.26 years and a low frequency element of 1500 years, the second pair to a 
cyclicity of 28.29 years and a low frequency element of 420 years. The longer 
periodicity of 1500 years evidently conflicts with the limits of analysis defined 
by the length of the chosen time horizon. In general, the linear analysis of 
a nonlinear transformed sum of a short (e.g. decadal) cyclicity and a long 
(e.g. secular) one should detect major cyclicities corresponding to the sum 
and difference frequencies and the doubled frequencies of both original input 
signals if the optimum of the transfer function coincides with the average of 
the combined input signal. This should be valid if the time horizon of the 
analysis is long compared to the length of the longer original cycle. If that is 
not the case, it has to be guaranteed during the analysis that the length of the 
phase diagram coincides with a multiple of half a cycle length of the longer 
cycle, at least one complete cycle needs to be included. For a combination 
of several long cycles, the interpretation of the results of the linear analysis 
becomes even more complicated as they depend on the modulation frequencies 
ofthe set oflonger cyclicities. In the case ofthe 12.26 year nonlinearly detected 
cyclicity (Fig. 17.4c) which shows in the linear analysis peaks at 12.16 and 
12.36 years (Fig. 17.4b) corresponding to a possible long cyclicity of 1500 
years, a detailed analysis of the phase diagram of the 12.26 year cyclicity has 
been used to exclude the detection of an artifact produced by the short time 
horizon. From 10,000 cal. BP to 9,800 cal. BP a stable phase of the cycle was 
detected followed by a transition to another stable phase from 9,700 cal. BP 
to 9,050 cal. BP. At 9,050 cal. BP, the beginning of the next phase transition 
can be seen in the phase diagram. This would support the hypothesis of the 
existence of 1500 year cyclicity if the optimum of the supposed underlying 
nonlinear transfer function would coincide with the mean combined input 
signal. As neither the input signals nor the transfer function can be described 
quantitatively, it would be necessary to use a longer time horizon to check 
whether the longer - apparently millenial - cyclicity reflects a cycle of 1500 
years and whether it is a persistent element modulating the decadal cycle of 
12.26 years. It should be mentioned that the problem described should affect 
any kind of linear analysis in a similar way. A detailed phase analysis would 
be necessary in any case. 

The nonlinear intensities of the lower spectrum (Fig. 17.4c) give informa
tion about the unknown underlying input signals which have been nonlinearly 
transformed to the measured output signal. The spectrum shows an 11.04 year 
peak comparable to the solar spectrum followed by two side peaks of 11.64 and 
12.26 years which would produce beat cycles corresponding to low frequency 
elements of 214 and 110 years. The peaks at 12.26 and 28.33 years correspond 
apparently to the calculated ones of 12.26 and 28.29 years indicated by the 
linear intensities. 

As the comparison of the spectra shows, a nonlinear analysis of the non
linearly transformed Holzmaar time series might give more insight to the 
underlying mechanisms than can be obtained by a linear approach. While the 
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dominant 11.04 periodicity can be interpreted as solar input signal, the origin 
of the side peaks of 11.64 and 12.26 is still unclear even if a relation to the 
secular solar Suess cycle seems to be probable because of the resulting beat 
cycles. The millenial-scale cycle of 1,500 years would coincide with the larger 
cycles described by e.g. Bond et al. [90], Bianchi and McCave [74], if it could 
be verified by the analysis of a longer time horizon. 

17.4.2 Biologically Controlled Proxies from Lake Holzmaar and 
the Greenland Ice Core of GISP2 

A first comparison [1117] of the phase behaviour ofthe solar 11 year cycle as 
derived from sediment accumulation rates of Lake Holzmaar with the phase 
pattern of GISP2 ice accumulation rates [15], [714], [716], [715] gave hints to 
an offset between both series. Relative to Lake Holzmaar (VT-95), the GISP2 
sequence of the investigated interval seems to be too old. One problem of this 
comparison is that ice accumulation rates might not be suited for a compar
ison with sediment accumulation rates of Lake Holzmaar. Algal productivity 
of the North Atlantic, documented in GISP2 as methanesulfonate (MSA) con
centration, might be more appropriate for a comparison with Lake Holzmaar 
varve thickness data which is mainly controlled by algal productivity [1117]. 

Dimethylsulphide produced by marine algae is transported as aerosol to 
the atmosphere and oxidized to methanesulfonate and non-sea-salt sulfate. 
MSA is supposed to belong to the cloud condensation nuclei which influence 
the climate by affecting the albedo and the radiation budget of the Earth 
(e.g., [350]). Figure 17.5b shows the measured MSA concentrations for GISP2 
[16], [499], [916], [1156]. At 9,718 cal. BP, MSA concentration (grey curve) 
jumps up to the highest level within the whole time interval. Within the fol
lowing 100 years, a decline of MSA concentrations to the lowest values of the 
complete interval is detected. Following the minimum, the MSA time series 
slowly recovers to values characterizing the time before 9,718 cal. BP. It might 
be argued that the signals observed are in both cases triggered by changes in 
algal activity. Whether the changes of MSA concentration are primarily due to 
changes of algal productivity or to changes in the general atmospheric circu
lation pattern of the North Atlantic remains an open question. But it seems 
conceivable that MSA variation is related to northwest European weather 
conditions as well as lake ecosystems. 

Two different time series indicating changes in algal activity were ana
lyzed: the changes of the diatom community in Lake Holzmaar and the algal 
productivity in the northern Atlantic via the amount of methanesulfonate 
(MSA) of the Greenland ice originating from marine algal dimethylsulphide. 
It should be stressed that changes in the Holzmaar sedimentation rates of 
the time interval depicted are in part definitely of algal origin. Thus, for the 
development at Lake Holzmaar, the assumption is sound. 

The overall development of the diatom community within the critical in
terval around 9,700 cal. BP is shown in Fig. 17.5a. A detailed description of 



17 Phase Stability of the Solar Schwabe Cycle 309 

HOLZMAAR 
100 year moving average 

100% 
>- 80% wU 

>2: 
60% -w 

55 40% ww crcr 
20% LL 

0% 

Moving average 
effects 

of zone Ie 

GISP2 
co 
'"" 

(a) 

diatom zone 
BROCHMANNN 1998 

(b) 

9000 

10 .,-----~ ----------, 

7i 
c. 
S, 5 « 
CI) 
::;: 

9500 9000 

AGE (cal. BP) 

Fig. 11.5. Changes of the diatom community of Lake Holzmaar compared with 
changes of the algal/circulation pattern in the Greenland ice core of GISP2: 
(a) distinguished diatom species from bottom to top: Cyclotella cf. ocellata, Jilragi
laria ten era, Asterionella formosa, other species, Stephanodiscus cf. minutulus, Cy
clot ella cf. radios a, Nitzschia paleacea 
(b) methanosulfonate (MSA) concentrations: measured time series (grey), 100 years 
moving average (black) 

the diatom community in time is given by Briichmann [140]. From bottom 
to top, the cumulative diagram starts with the species available at the be
ginning of the time horizon and ends with the species distribution seen in 
the younger part. The species permanently found fill the middle part of the 
diagram. The first part of the time horizon is characterized by high relative 
abundances of Cyclotella d. ocellata and Stephanodiscus d. minutulus. After 
having crossed an intermediate phase with a high variety of species corre
sponding to the diatom zone Ie of [140], the younger part of the series shows a 
distribution which is governed by the dominance of Nitzschia paleacea accom
panied by high relative abundances of Stephanodiscus cf. minutulus. According 
to Briichmann [140], diatom zone Ie can be seen as a transition zone (black 
frame in the upper part of Fig. 17.5). As a result of the 100 years moving abun-
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dance window the influence of zone Ie is extended to the 50 years margins left 
and right of the frame. Cluster analysis of the sampled diatom communities 
revealed two major units (diatom zones I and II) separated at 9,682 cal. BP. 

17.4.3 Stable Carbon Isotopes of Organic Matter from Lake 
Holzmaar 

While analysis of the remains of diatomaceous algae give detailed insights into 
the behaviour of this specific part of Lake Holzmaar's phytoplankton, carbon 
isotope ratios stored in sedimentary organic matter represent a broader variety 
of the phytoplanktonic community. During primary production a discrimina
tion against 13C of the inorganic carbon source (C02 ) takes place leading to 
an overall depletion of the corresponding carbon isotope ratio, i.e. ~'PC, in 
organic matter. The isotopic signature of terrestrial organic matter centers 
around values of about -26 to -24%0, while the fresh water phytoplanktonic 
signature as recovered from the sediment core of Lake Holzmaar varies from 
-36%0 to -27%0 [657] . The actual strength of discrimination against 13C is 
influenced by a number of factors. During the year, the dissolved inorganic 
carbon pool in the water body of a eutrophic lake is progressively exhausted 
by primary producers (e.g., green algae, diatoms) for the production of or
ganic matter. In the course of this development discrimination against 13 C 
is reduced and hence 13C in the organic matter will be enriched. Thus, to a 
certain degree bioproductivity is linked to 813C values. 
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Fig. 17.6. Stable carbon isotopes at Lake Holzmaar (core HZM4) 

For the relevant time interval a time series of 813 C values of organic matter 
is available for Lake Holzmaar (core HZM4). The 813C signal (Fig. 17.6) shows 
an overall minimum before 9,700 cal. BP which coincides with the highest 
peak in the MSA sequence of GISP2. Because the rather depleted carbon 
isotope values point towards a lacustrine origin of organic matter, the possible 
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scenarios to describe the isotope minimum at 9,700 cal. BP would have to 
consider strongly reduced erosion, strongly reduced lacustrine productivity 
andj or changes in the isotopic signature of lacustrine organic matter, i.e. 
changes of the phytoplankton community. It is interesting to note that the 
minimum 813C-value also coincides with the algal transition zone Ie. 

17.4.4 Varve Thickness of Lake Holzmaar vs. MSA Accumulation 
of the Greenland Ice Core of GISP2 - a Comparative Phase 
Analysis 

For the phase diagrams shown in Fig. 17.7, a comparison window of 100 years 
with a step size of 5 years has been chosen. The resolution in vertical direction 
(number of different positions of the maximum of the sinusoid of 11.04 years) 
is 32 (16 per wavelength, two complete waves). The time step applied is 0.1 
year. 

Figure 17.7a shows the phase diagram for varve thickness data of Lake 
Holzmaar. After a relatively vague beginning, a first interval with a stable 
phase starts at 9,900 cal. BP with a cycle maximum at 9,994 cal. BP (9,983 
cal. BP) which ends with an abrupt jump around 9,650 cal. BP. The following 
stable interval with a cycle maximum at 9,999 cal. BP (9,988 cal. BP) contin
ues until 9,320 cal. BP where it is interrupted by a short phase excursion with 
a cycle maximum at 9,994 cal. BP (9,983 cal. BP) ending after 100 years. The 
following stable interval ends around 9,030 cal. BP by a vague phase change 
again. The diagram clearly depicts the existence of two distinct phases with 
cycle maxima differing by half a cycle length of the 11.04 years input signal. 
The diagram perfectly reflects the theoretically expected picture of a nonlin
early transferred solar input signal which resulted in the 11.04 year peak in 
the lower spectrum of Fig. 17.4c. 

For the calculation of the phase diagram for GISP2 in Fig. 17.7b, the MSA 
time series of GISP2 was converted to a series of MSA influx data (mass per 
area and year) assuming a constant ice density of 0.9mgjmm3 • Because of 
the lognormal distribution of the influx data the chosen theoretical sinusoids 
were taken as exponents to a constant basis for the process of sampling sim
ulation. Subsequently, the logarithms of the generated values were used for 
the calculation of correlation coefficients with logarithms of the MSA data. 
This procedure was necessary because of the sampling of the MSA data with 
nonequidistant time intervals. The average sampling interval is 2.1 years with 
a range between 1 and 4 years with the problem of a rounding error (whole 
years only for depth scale sampling) in the published data which prevented 
the precise determination of the influx data. 

The phase comparison for the 11.04 years solar periodicity of the GISP2 
MSA-influx sequence (Fig. 17.7b) and the varve thickness sequence of Lake 
Holzmaar (Fig. 17.7a) demonstrates in general a rather good agreement of 
both series, especially in the younger part of the time interval, but only if we 
suppose the GISP2 sequence being shifted 41 years in time. Apparently the 
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Fig. 17.7. Comparative phase analysis of varve thickness and MSA influx measured 
in the Greenland icecore of GISP2 
(a) Phase diagram of varve thickness data of Lake Holzmaar between 10,000 and 
9,000 cal. BP (time step = 0.1 years, window length = 100 years, step size = 5 years, 
32 phases, first distinguished cycle maximum at 10,000 cal. BP) 
(b) Phase diagram of MSA influx data from GISP2 between 10,041 and 9,041 cal. 
BP (time step = 0.1 years, window length = 100 years, step size = 5 years, 32 
phases, first distinguished cycle maximum at 10,041 cal. BP) 

ice core dating seems to show ages which are 41 years older than those found 
for the Holzmaar sequence. If we subtract the 41 years from the time scale of 
the MSA concentration curve in Fig. 17.5b, the dominant MSA peak would 
be moved to 9,677 cal. BP and coincide with the end of diatom zone I (9,682 
cal. BP). 

The comparability of both phase diagrams can be explained by secular 
changes of the solar activity input signal, if we suppose similar transfer func
tions for both biological systems. An adaptation of both biological systems to 
a mean solar activity could serve as model assumption to explain the coherent 
phase pattern. 
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Another typical feature of the GISP2 phase diagram is the tilt of the 
phases in the stable intervals of the part younger than 9,600 cal. BP which 
hint at a shortening of the cycles towards the end of the stable intervals. If 
both series represent forcings of the same solar variability an explanation of 
these tilts still needs to be found. Another problem occurs with the fuzzy 
picture between 9,950 and 9,700 cal. BP. Here the GISP2 sequence seems to 
be internally structured in a more complex way than the Holzmaar sequence. 

17.5 Dating by Phase Jumps - a Possible Tool for the 
Comparison of Archives? 

Observing the ongoing debate concerning age discrepancies between the most 
prominent Greenland ice cores GISP2 and Grip [990], it might be of interest 
to evaluate the dating efforts via phase analyses. Based on a comparison of 
8180 values, Southon [990] postulates for the time interval between 3,300-
3,400 cal. BP and the start of the Younger Dryas a time difference of 80 years 
for the two cores supposed to remain stable during this interval. Compared to 
radiocarbon dates via 10Be measurements of the GISP2 ice core, the GISP2 
record is 60 years too old while the GRIP ice core consequently looks 20 years 
too young. 

The age comparison of the Greenland ice cores GISP2 and GRIP for the 
comparison of CH4 measurements by Blunier and Brook [83] shows offsets be
tween 49 and 67 years for the time interval between 10,079 cal. BP and 11,000 
cal. BP (GISP2 ages), i.e. the time difference is supposed to be smaller than 
the offset by Southon [990]. The age scale of the Holzmaar sequence in the 
time interval between 10,000 and 9,000 cal. BP has been calibrated by radio
carbon measurements and will be taken as the most precise one if we ignore 
possible offsets because of the age of the organic material when it is embed
ded. According to the results of the phase analyses and the GISP2jGRlP age 
comparisons in literature, GISP2 is dated 41 years older and GRlP between 
10 to 40 years younger than the varve sequence of Lake Holzmaar within the 
given time interval. However, it has to be mentioned that this hypothetical 
cross-dating exercise is only valid if synchronism of phase jumps can be proven 
which still requires theoretical and experimental verification. 

17.6 Open Questions 

Some questions remain at the end of the exercise. Firstly, it is tacitly assumed 
that the transfer functions for marine algae and the algal community of Lake 
Holzmaar are comparable, an assumption which is however not proven. For dif
ferent algal communities with different species, one would assume two sets of 
different transfer functions. This could imply different positions of the growth 
optima in both systems and, therefore, different times for the phase jumps. 
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Only if we assume stable and well adapted communities for both systems 
and relatively drastic changes of the abiotic forcing factors such a parallel 
development would be realistic. 

A second question refers to the nature of the Holzmaar diatom community. 
In contrast to laboratory experiments (Fig. 17.1c) and theory, the community 
includes a lot of different species, each of them with its own transfer function, 
and all together competing and substituting each other during the given time 
interval with changing abiotic conditions. To explain the surprising similarity 
of the phase diagrams, it is necessary to perform more work in the laboratory 
(diatom cultures), in the field (ecological studies of the diatom community in 
the lake) and concerning theoretical aspects of signal transfer in communities 
with competing species. 

A third question concerns the interpretation of the MSA sequence of 
GISP2. If we try to reconstruct the way from solar output variation to MSA 
influx measured in Greenland ice core records, a complex chain of processes 
has to be considered. The problems concerning the relation between solar 
activity and MSA influx at Greenland ice cores shall be demonstrated in a 
simplified manner for the effects of ultraviolet radiation changes which com
prise the strongest variation of the solar output. 

Even if solar UV radiation only accounts for about 1 % of the total so
lar radiation, it drives, as the main energy source, the photochemistry of the 
upper atmosphere and its heating which influences the circulation of the up
per atmosphere. Variations of UV radiation can affect the amounts of ozone 
produced, especially in the upper stratosphere [464], [106], [317]. Besides the 
variation coupled to solar radiation with a time-scale of 27 days, most solar 
UV variation is linked to the solar 11 year variability (e.g., [148]). According to 
Lean [592], parts of the solar short wave radiation (Lyman alpha at 121.6nm) 
vary by about a factor of two. Global average total ozone changes respond to 
the variations in UV flux from solar maximum to solar minimum. This rela
tion corresponds to the results of model calculations [317], [359], [106], [472]. 
Splitting up the UV radiation and observing the relative changes in UV-B 
and UV-C, we might follow the ideas of Rozema et al. [907]: The dominant 
variability during a solar cycle occurs in the spectral region of UV-C. Ozone 
formation takes place at wavelengths shorter than 242 nm, i.e. the amount of 
ozone depends on the solar variability with highest amounts of UV -C during 
solar maximum. On the other hand, with higher ozone levels, less UV -B can 
pass the atmosphere, i.e. during solar maxima, the UV-B radiation reaching 
the Earth's surface and its ecosystems is smaller than during solar minima. 
In consequence, solar activity and surface UV -B radiation should be anticor
related. 

What will be the effect of changes in UV-B radiation for ecosystems, es
pecially for marine and lacustrine phytoplankton? According to several field 
measurements and laboratory experiments, UV-B radiation entering a marine 
or lacustrine water-body is supposed to cause light stress (photoinhibition) of 
algae reducing photosynthesis and primary productivity [751], [752], [211], 
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[210], [610]. As a consequence, solar activity and biological productivity of 
phytoplankton should be positively correlated. 

How are the relations between solar activity, surface UV -B radiation, phy
toplankton productivity and the production of dimethylsulphide (DMS) as 
the source of MSA? According to Sunda et al. [1029], the production of DMS 
by marine algae is a response to stressors like solar ultraviolet radiation, CO2 
limitation, Fe limitation etc. DMS is interpreted as part of the antioxidant 
system of marine algae. I.e., DMS production should be positively correlated 
with surface UV-B radiation and, therefore, negatively with solar activity. 
But this relation is only valid if we start from comparable algal productivity, 
which should not be the case as algal productivity is supposed to be posi
tively correlated with solar activity. Without detailed quantitative knowledge 
about both processes, a statement about the relation between solar activity 
and DMS production cannot be made. This problem might be reflected in 
the unclear picture of the relation between marine algal productivity - e.g. 
measured as chlorophyll concentration - and DMS concentrations [630]. 

A feedback loop which links marine algal productivity, DMS production 
and climate has been postulated by Charlson et al. [155]: DMS partly crosses 
the sea-air interface and is oxidized to form cloud condensation nuclei - mainly 
S02 and to a smaller amount MSA, dimethyl sulfoxide, dimethyl sulfone in the 
troposphere. The resulting enhanced cloud albedo is responsible for a reduc
tion of marine algal productivity and diminished DMS production resulting 
in a reduction of the cloud cover over the ocean and the beginning of the next 
cycle. According to Andreae and Crutzen [25], it has so far not been possi
ble to quantify all mechanisms and the importance for the biosphere-climate 
interaction of this feedback loop. A statement about the relation between 
MSA concentration and solar activity seems to be impossible as long as a 
quantification of the underlying feedback loop has not been achieved. 

A further complication constitutes the transport of MSA from the North
ern Atlantic to the Greenland ice sheet. While sea-air transfer of DMS mainly 
depends on wind speed [25] MSA transport and deposition is influenced by 
the circulation pattern over the Northern Atlantic. I.e. changes in MSA con
centration measured in Greenland ice cores archive both DMS production and 
changes of the circulation pattern. 

Concluding the chain of processes from solar activity changes to MSA con
centrations in Greenland ice cores the following question arises: Why should 
solar activity changes and the phase jumps of the solar Schwabe cycle be 
documented in Greenland ice cores in the same way as in Lake Holzmaar? 

A fourth question is of technical nature: What happens to strong yearly 
cycles during nonequidistant sampling and resampling for phase and spectral 
analyses? For the GISP2 phase diagrams, sampling had to be simulated as the 
time resolution of the data is not equidistant. A special problem of the GISP2 
data is the time scale as the top/bottom ages have been rounded to whole 
years. The fact that the real sampling will have cut the time horizon at differ
ent times of the year causes additional problems because a relatively strong 
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yearly cycle comparable to the seasonal changes of DMS concentrations in the 
Northern Atlantic [630] should be expected for MSA data. Strong seasonality 
combined with nonequidistant multiannual sampling which cuts the core at 
different seasons of the year must produce alias cycles. The shorter the sam
pling intervals are, the larger will be the effect of aliasing. On the other hand, 
if the sampling intervals approach decadal resolution as for the Holzmaar di
atom sequence the solar signal of 11 years is supposed to be suppressed. This is 
the reason why no spectral analyses have been performed for the GISP2 series 
and the diatom series of Lake Holzmaar. To solve this problem, two options 
might exist: The preferential but technically complicated option would be to 
cut the samples - if they cannot be sampled equidistantly in time or with 
subseasonal resolution - at time intervals corresponding to the same season 
of the year, preferably during the part of the season of lowest concentrations 
of the component to be analyzed. The second option consists in modelling the 
effects of the yearly cycle when the sinusoids are sampled during time series 
analysis. 

A fifth question is related to time control in geological/glacial archives: 
Are the archives dated correctly? Here, the question is not whether the age in 
calendar years BP of the top or bottom of the sequence is correct but whether 
there are years missing or counted twice within the time horizon of time series 
comparison. If both errors, i.e. missing years and repeatedly counted years, 
cancel each other, the method of phase comparison might work. But, how can 
be guaranteed that the added number of missing or doublecounted years is 
smaller than a quarter of 11 years during the time horizon analyzed? 

17.7 Conclusions 

Nonlinear signal transfer by biological systems is proposed to be a possible 
explanation of the phase jumps of output signals corresponding to the solar 
Schwabe cycle. The biologically controlled components of the archives from 
Lake Holzmaar and Greenland strongly support this notion. Shifting the time 
scale of the GISP2 sequence presumably being dated 41 years too old leads to 
a comparable pattern of phase jumps in both archives. Under the assumption 
of relatively large secular variations of the solar input signal and compara
ble transfer functions of the biological systems controlling the varve thickness 
time series of Lake Holzmaar and the MSA accumulation time series of GISP2, 
comparative phase analysis can be used to analyze secular solar activity varia
tions. Additionally the method offers an opportunity for high precision relative 
dating of different archives. To prove this assumption, further studies on algal 
communities and their reaction on changes of solar activity, DMS production 
and its pathway to MSA concentrations in Greenland ice cores are, however, 
necessary. Moreover, to improve the results subseasonal high frequency sam
pling of the archives would be desirable. The problem of dating errors within 
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the time horizon should be overcome by parallel counting of different cores 
comparable to tree-ring analysis. 
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Variable Freshwater Input to the Arctic Ocean 
During the Holocene: Implications for 
Large-Scale Ocean-Sea Ice Dynamics as 
Simulated by a Circulation Model 

Matthias Prange and Gerrit Lohmann 

Summary. Recent geological studies revealed that the freshwater input to the Arc
tic Ocean was highly variable during the Holocene. In the present study we examine 
the influence of c~anging Arctic freshwater runoff and low-saline Bering Strait inflow 
on large-scale ocean-sea ice dynamics by means of a general circulation model of the 
Arctic Ocean, the Nordic Seas, and the Atlantic. Discharge distributions used are 
based on paleohydrological reconstructions for the early (approx. 10 ka) and middle 
(about 7 ka) Holocene. Keeping all other forcing fields and topography at present
day values, we isolate the effect of a variable freshwater supply to the Arctic Ocean. 
The model experiments show that Arctic freshwater input is vitally important for 
the polar oceanic circulation, influencing the size of the Beaufort Gyre and the path 
of the Transpolar Drift. The results indicate that long-term Holocene variability in 
Arctic freshwater forcing had the potential to cause considerable variability in Arc
tic Ocean dynamics on a century-to-millennium scale. Moreover, a relatively warm 
Bering Strait inflow exerts a strong influence on polar sea ice. It is likely that a 
gradual increase in the influx during the early Holocene slowly affected the polar 
climate by melting some ice and decreasing the surface albedo in the eastern Arc
tic. The effect of Arctic freshwater forcing on the Atlantic thermohaline circulation 
(THC) is small in our experiments. We conclude that changes in the Arctic Ocean 
freshwater input alone only played a minor role for potential variations in the THC 
during the Holocene. 

1B.1 Introduction 

The Arctic Ocean is unique among all oceans because its hydrographical char
acteristics are profoundly influenced by a large input of freshwater from the 
surrounding continents and from the inflow of low-saline Pacific water through 
Bering Strait (e.g., [1]). Relative to its size the Arctic Ocean receives the 
largest river water input of all oceans. Since the thermal expansion coefficient 
of sea water is very small at low temperatures, the density of cold polar wa
ter masses is primarily a function of salinity. Therefore, freshwater influx and 
ocean dynamics are closely linked in the Arctic. The Arctic freshwater budget 
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has gained much attention in recent climate research projects (e.g., [999)), 
mainly because of the following two reasons. 

First, inflowing freshwater is crucial for the density stratification in the 
Arctic Ocean. In particular, the formation of a cold halocline depends on river 
runoff (e.g., [997]). The cold halocline, an isothermal near freezing-point layer 
located at 50-150m depth over most parts of the Arctic basins, effectively 
shields the surface from heat stored at intermediate depths in the Atlantic 
layer. It is therefore of utmost importance for the Arctic sea ice cover, which 
acts as a natural refrigerator for the planet due to its high albedo. 

Secondly, the freshwater surplus of the Arctic Ocean is balanced by an 
export of freshwater, as liquid water and sea ice, through Fram Strait and 
through the channels of the Canadian Archipelago (Fig. 18.1; see Fig. 18.2 for 
a geographical overview). Freshwater of Arctic origin is thus advected into the 
Labrador Sea as well as into the Nordic Seas where convective regimes of major 
importance to North Atlantic Deep Water (NADW) formation are located. 
Therefore, the Arctic freshwater budget is closely linked to the thermohaline 
conveyor belt [837] which, in turn, plays a major role in the global climate 
system (e.g., [129]). 

River runoff into the Arctic Ocean is expected to increase in the future due 
to the rise in greenhouse gas concentrations in the atmosphere [727]. Given 
the importance of the Arctic freshwater budget for ocean-sea ice dynamics 
and, hence, for the climate system, an assessment of its long-term variability 
is desirable. For this purpose, it is useful to study the past. 

Recent geological studies have revealed that the freshwater input to the 
Arctic Ocean was highly variable during the Holocene (for references see 
Sect. 18.2). During the Late Glacial-Holocene transition the melting of north
ern hemisphere ice sheets altered the hydrological balance, and runoff patterns 
changed dramatically (e.g., [1042], [984)). Freshwater routing by the Lauren
tide ice sheet during the deglaciation has been studied by Licciardi et al. 
[616]. Using new reconstructions of the ice sheet they found that enhanced 
meltwater input to the Arctic Ocean occurred only late in deglaciation. Model 
results from Marshall and Clarke [695] confirm these findings and show that 
Canadian Arctic river basins were not activated until 12 ka (12,000 calendar 
years before present). 

During the middle Holocene variations in the freshwater budget of the 
Arctic Ocean were mainly caused by changes in the P-E (precipitation minus 
evapotranspiration) pattern over Asia which governs the discharge of Siberian 
rivers. According to bioclimatic vegetation modelling, annual precipitation 
in Siberia was about 10cm greater in the mid-Holocene than today [731]. 
Most of the increase was concentrated in East Siberia. Besides, a retreat of 
the permafrost zone was likely to have altered the Arctic freshwater balance 
(e.g., [1094]). 

Another source in the freshwater budget of the Arctic Ocean which might 
have been highly variable is Pacific water flowing through Bering Strait. The 
strait remained closed during the last deglaciation and only reopened 12-13 
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Fig. 18.1. Present-day freshwater budget of the Arctic Ocean (only the major 
contributors are shown). Values (in km3 yr- 1 ) are based on [1], [998], and [836]. Sea 
ice is mainly exported through Fram Strait. P - E denotes net precipitation. 

ka ago. The Bering land-bridge inundation was completed by 5-6 ka [271]. 
Today about 0.8 Sv (1 Sv = 1 Sverdrup = 106 m3 S-1) of low-saline (i.e. about 
32.5 psu) Pacific water is flowing northward through the strait which has a 
mean depth of 50- 60m [884]. It is likely that the throughflow was strongly 
reduced in the early Holocene due to a shallower bathymetry. 

Even though geological studies have shed some light on the long-term vari
ability of the Arctic freshwater budget, the effects on ocean circulation and 
sea ice cover are not known. Numerical modelling, however, may help to im
prove our understanding of the dynamical system. In the present study we 
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examine the influence of Arctic freshwater discharge l on large-scale ocean-sea 
ice dynamics by means of a general circulation model of the Arctic Ocean, 
the Nordic Seas, and the Atlantic. Discharge distributions used are based on 
paleohydrological reconstructions for the early ("-' 10 ka) and middle ("-' 7 ka) 
Holocene. Keeping all other forcing fields and topography at present-day val
ues, we isolate the effect of a variable freshwater influx into the Arctic Ocean. 
The aim is to assess its influence on the dynamics of the polar seas and the 
potential role in triggering climatic shifts by affecting the sea ice cover and 
the large-scale Atlantic thermohaline circulation. 

18.2 Freshwater Input to the Arctic Ocean During the 
Holocene 

18.2.1 Present-day Freshwater Sources 

The largest term in the freshwater balance of the Arctic Ocean is river runoff 
(Fig. 18.1). Today, about 3200km3 yr- l of river water flows directly into the 
Arctic Ocean. More than 50% of this freshwater is provided by the four largest 
Arctic rivers, namely Yenisey, Lena, Ob, and Mackenzie. In addition, about 
380km3 yr- l offreshwater discharged along the Norwegian coast is advected 
into the Arctic Ocean by the Norwegian Coastal Current. Figure 18.2 shows 
the location of Arctic rivers with an annual outflow of more than 30 km3 yr- l . 

The inflow of low-saline Pacific water through the Bering Strait consti
tutes another source in the freshwater budget of the Arctic Ocean (Fig. 18.1). 
Typical salinities for this inflow vary between 31.5psu in September/October 
and 33.5 psu in March/April [884]. The mean volume flux amounts to 0.8 Sv. 
Taking a reference salinity of 35 psu, the annual freshwater flux into the Arctic 
Ocean due to the Bering Strait inflow is 1800 km3 . 

Only a small portion of the freshwater input to the Arctic Ocean is due 
to precipitation over the sea surface. P - E, i.e. net precipitation, is roughly 
1000km3 yr- l [1], [836]. 

18.2.2 Freshwater Input During the Early Holocene ('" 10 ka) 

At the beginning of the Holocene, remnants of glacial ice sheets were still 
present in northeastern North America and Scandinavia (e.g., [811]). Numer
ical reconstructions [695], [616] suggest that the waning of the Laurentide ice 
sheet during the last stages of the deglaciation gave rise to a considerable flux 
of meltwater into the Arctic Ocean. Part of this water entered the ocean via 
the Mackenzie River baSin, another part came from the northern islands of the 

1 Here and henceforth the term "Arctic freshwater discharge" ('input', 'influx', etc.) 
denotes both continental runoff and Bering Strait inflow, even though the latter 
is not pure freshwater. 
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Fig. 18.2. Arctic rivers implemented in the model and their mean discharge (in 
km3 yr- 1 ). Values for Taimyra and Pyasina are taken from Treshnikov [1074]. For 
all other rivers the flow into the ocean was calculated based on gauged discharge 
data, provided by the Global Runoff Data Centre (GRDC) at the Federal Institute 
of Hydrology, Koblenz, Germany. 

Canadian Archipelago. Using new reconstructions of the Laurentide ice sheet 
and estimates of precipitation suggested by an AGCM (atmosphere general 
circulation model), Licciardi et al. [616] calculated freshwater fluxes derived 
from meltwater and precipitation runoff from North America. For the early 
Holocene ('" 10 ka) they found a total freshwater input to the Arctic Ocean 
of about 1250km3 yr-1 . Values up to 4 times greater were computed by the 
ice-dynamics model of Marshall and Clarke [695]. Melting of Fennoscandian 
ice sheet remnants provided freshwater for the Norwegian Coastal Current. It 
is likely that a considerable portion of this meltwater was advected into the 
Barents Sea. 

Direct river discharge into the Barents Sea was probably higher at 10 ka 
than today. Sidorchuk et al. [969] reconstructed the paleohydrology of the Vy
chegda River from the grain size of channel deposits, paleochannel morphol
ogy, and paleolandscape features. The Vychegda River is a major contributor 
to the Northern Dvina. It is reasonable to assume that changes in its flow are 
representative for the total river runoff from the northern Russian Plain into 
the Barents Sea. 

The variability of the paleoriver water supply to the Kara and Laptev Seas 
was studied by Boucsein [95]. She analyzed the distribution of freshwater algi
nite (chlorococcalean algae) in marine sediment cores from different locations 
in the Kara Sea and along the Eurasian continental margin. For'" 10 ka 
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the record indicates an increased freshwater input to the Kara Sea, while the 
freshwater supply to the Laptev Sea was probably similar to the modern one. 

As to the early Holocene runoff into the East Siberian Sea, reliable data 
have not been published so far. The hydrography in that region is, however, 
mOre influenced by the Bering Strait inflow than by river runoff. In view of the 
strait's shallow depth at 10 ka [271], the inflow of Pacific water was possibly 
only half of the modern one. 

18.2.3 Freshwater Input During the Middle Holocene (f'V 7 ka) 

Cheddadi et al. [158] estimated P - E acrOSS Europe for the middle Holocene 
from pollen data using the modern pollen analogue technique constrained 
with lake-level data. Their results suggest that P - E over Norway was 5-
25 em yr-1 less than at present, while P - E was 10-15 cm yr- 1 greater in 
eastern Europe. According to these results, river runoff into the Norwegian 
Sea was smaller than now, whereas freshwater discharge into the Barents Sea 
was somewhat higher. 

The distribution of chlorococcalean algae in marine sediment COres indi
cates that mid-Holocene freshwater input to the Kara Sea was slightly lower 
than at present [95], while runoff into the Laptev Sea was much larger, maybe 
twice as high as today [568]. This extreme river discharge is consistent with 
strongly increased precipitation in Yakutia reconstructed by Monserud et al. 
[731]. 

As to the freshwater discharge from the East Siberian and North American 
. coasts , we refer to reconstructions by Belyaev and Georgiadi [64]. Utilizing 
paleofloristic data and climatic indicators, they estimated spatial patterns of 
runoff. The results suggest larger freshwater input to the East Siberian Sea, 
and North American runoff close to the present one. 

18.3 Model Design and Experimental Set-up 

18.3.1 Ocean-Sea Ice Model and Forcing 

In order to examine the effects of freshwater discharge on high-latitude ocean 
dynamics, we utilize a coupled ocean-sea ice model. The ocean model is set 
up on the base of the hydrostatic Geophysical Fluid Dynamics Laboratory 
(GFDL) primitive equation model MOM-2 [789], employing the implicit free
surface method by Dukowicz and Smith [259]. The model domain spans the 
Arctic Mediterranean (i.e. the Arctic Ocean proper and the Nordic Seas) 
and the Atlantic Ocean north of approximately 200 S. The model is formu
lated on a rotated grid to avoid the singularity of geographical coordinates 
at the pole (Fig. 18.3). It has a horizontal resolution of about 100km and 
19 non-equidistant levels in the vertical. Using the flux-corrected transport 
(FCT) algorithm for tracer advection, explicit diffusion is set to zerO [367]. 
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The ocean model is coupled to a dynamic-thermodynamic sea ice model with 
viscous-plastic rheology, which is defined on the same horizontal grid [429] . 
We emphasize that the ocean-sea ice model is fully prognostic, i.e. no diag
nostic or restoring terms are added to the conservation equations. A detailed 
description of the model can be found in [836]. 
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Fig. 18.3. Domain of the model. The model equations are defined on a rotated 
grid. Both the geographical and the model grid coordinates are displayed. The frame 
marks the area that is shown in Figs. 18.4-18.8. 

The ocean-sea ice model is forced by atmospheric fields, comprising 2 m
temperature, 2 m-dewpoint temperature, cloud cover, precipitation, wind 
speed, and wind stress. Except for daily wind stress, all forcing fields are 
monthly varying. The atmospheric fields are derived from a validated 15 year 
(1979-1993) set of assimilated data provided by the reanalysis project of the 
European Center for Medium-Range Weather Forecasts (ECMWF). The data 
have been processed to construct a 'typical ' year, i.e. a mean annual cycle 
with daily fluctuations superimposed [898] . In addition to atmospheric forc
ing, the ocean-sea ice system is forced by river runoff and Bering Strait inflow. 
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Fourteen Arctic rivers (Fig. 18.2) are implemented as well as some additional 
ungauged runoff from the Arctic coastlines (see below). For the Atlantic por
tion of the model domain, the eight largest rivers are included as well as the 
freshwater supply from Hudson Bay and the Baltic Sea. 

18.3.2 Experiments 

Three experiments are performed, differing in freshwater discharge into the 
Arctic Ocean. The discharge distributions refer to present-day (control run), 
mid-Holocene ("" 7 ka), and early Holocene ("" 10 ka). The effect of variable 
freshwater input is isolated from other processes by applying the same at
mospheric forcing in all experiments. In this context, it is worth noting that 
the real early-to-mid Holocene mean wind forcing was probably not too far 
away from our 'typical year'-forcing. A recent analysis of alkenone-derived. 
sea surface temperatures in the North Atlantic realm indicates that the mean 
atmospheric circulation of the early-to-mid Holocene was shifted to a high 
index phase of the North Atlantic Oscillation [877], which bears similarities 
with the unusual high index phase of the period 1979-1993. . 

18.3.2.1 Present-day (Control Run) 

A climatology for monthly discharge of the largest Arctic rivers (Fig. 18.2) has 
been constructed by Prange [836]. The river water inflow is implemented in 
the model as mass fluxes with zero salinity. Based on various estimates (e.g., 
[831], [2]) some ungauged runoff is added during summer (June-September). 
Along the coastlines of the Barents, Kara, and Laptev Seas an additional 
freshwater inflow of 520km3 yr- 1 is equally distributed. Ungauged runoff 
from the eastern Siberian, North American and northern Greenland coasts is 
smaller: a total of 180km3 yr-1 is added in these regions. 

Runoff from the Norwegian coast is included as a constant freshwater in
flow. Moreover, monthly varying inflow of Pacific water through Bering Strait 
is implemented based on direct measurements (see Sect. 18.2.1). Aside from 
being a source term in the Arctic Ocean freshwater budget, the Bering Strait 
inflow is associated with a heat supply during the summer months. The tem
perature rises up to 4°C in September, while winter temperatures (December
May) are at freezing for the salinity [60], [884]. 

18.3.2.2 Experiment 10 ka 

Even though there is geological evidence for increased freshwater runoff from 
the continents into the Arctic Ocean at the early Holocene, a quantification is 
difficult and subject to considerable uncertainty. Based on geological studies, 
summarized in Sect. 18.2.2, we estimate the 10 ka freshwater discharge to 
force the Arctic Ocean. We presume river water inflow from the Norwegian 
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coast as well as into the Barents and Kara Seas to be 25% higher than today. 
Extreme runoff, amounting to three times the modern one, is assumed from 
North American and northern Greenland coasts. To implement these changes 
in the ocean model, we increase the freshwater input to each coastal grid cell 
by the respective percentage. 

Concerning the freshwater budget of the Arctic Ocean, the enhanced runoff 
is partly compensated by a lesser inflow of low-saline Pacific water. We assume 
the 10 ka Bering Strait inflow to be half of the modern one. 

18.3.2.3 Experilllent 7 ka 

For the freshwater forcing of the Arctic Ocean at 7 ka we apply the following 
discharge distribution, based on geological evidence presented in Sect. 18.2.3. 
Runoff from the Norwegian coast as well as into the Kara Sea is 25% lower 
than today, whereas the freshwater flux into the Barents and East Siberian 
Seas is enhanced by 25%. The largest change occurs in the Laptev Sea. Here, 
the total river discharge is doubled. Table 18.1 summarizes the freshwater 
forcings for the three experiments. 

Table 1S.1. Freshwater input from continents to the Arctic Ocean for the present
day control run, Experiment 7 ka, and Experiment 10 ka. Units are km3 yr- 1 . 

Region Present 7ka IOka 

Norwegian coast 380 285 475 

Barents Sea 452 565 565 

Kara Sea 1310 983 1638 

Laptev Sea 797 1594 797 

East Siberian Sea 195 244 195 

North AmericanINorth 
Greenland coast 405 405 1215 

Total 3539 4076 4885 

18.4 Results 

For a direct comparison of the results, the three experiments are started from 
the same initial conditions. The initial state is taken from a spin-up run 
described by Prange [836]. For each experiment the model is integrated 60 
years. This time span corresponds to about 6 times the mean residence time 
of present-day Arctic halocline waters [938] and is long enough for anoma
lous Arctic freshwater input to affect the large-scale Atlantic thermohaline 
circulation [366], [837]. 
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18.4.1 Upper Ocean Circulation and Sea Ice Cover in the Arctic 
Mediterranean 

18.4.1.1 Present-day (Control Run) 

The control run is aimed at simulating the present-day circulation. In the 
following, we show annual mean fields which apply to the last year of the 
integration period2 • 

The ocean circulation averaged over the top SO m in the polar and subpolar 
seas3 is presented in Fig. IS.4a. The model captures the characteristic features 
of the observed flow pattern markedly well. A strong cyclonic gyre dominates 
the Nordic Seas, consisting of the EGC (East Greenland Current) in the west, 
and the NAC (Norwegian Atlantic Current) in the east. The latter transports 
warm and salty water from the Atlantic to the North, while the EGC carries 
cold, relatively fresh polar water to the South, where it leaves the Nordic Seas 
through Denmark Strait. Atlantic water enters the Barents Sea, bringing some 
heat into the Arctic Ocean. This current constitutes the southern branch of 
an overall cyclonic flow pattern in the eastern Arctic Ocean. The Canadian 
Basin in the western Arctic is dominated by the anticyclonic Beaufort Gyre. 
The western anticyclonic gyre meets the eastern cyclonic circulation in the 
central Arctic, thereby forming the current system of the Transpolar Drift 
(TPD). The TPD carries polar waters towards the outlets of the Arctic Ocean, 
namely Fram Strait and Nares Strait (Canadian Archipelago). 

Near-surface salinities are shown in Fig. IS.4b. High salinities (> 35 psu) 
in the Norwegian and the western Barents Seas indicate the inflow of Atlantic 
waters from the South. In the Arctic Ocean proper, salinities are much lower 
with minima in the Siberian shelf seas due to inflowing river water. Low
saline shelf waters are advected into the central Arctic Ocean, eventually 
leaving the Arctic Ocean through Fram Strait or the Canadian Archipelago. 
The southward flow of polar water in the EGC causes low salinities in the 
western Nordic Seas. 

The distribution of sea ice is presented in Fig. IS.5. We recognize a typical 
pattern that is well-known from other model studies (e.g., [456], [429]) and 
which is consistent with sonar data (e.g., [456], [96]). This pattern is charac
terized by maximum ice thickness north of Canada, an ice thickness of 3-4 m 
near the pole, and relatively thin ice to the north of Siberia. The mean ice drift 
is indicated by arrows in Fig. IS.5. It resembles the upper ocean circulation, 
with an anticyclonic gyre over the Canadian Basin, a TPD, outflow through 
Fram Strait, and an EGC. 

2 Multi-year averaging is not necessary, since internal interannual variability proves 
to be negligible in the modelled Arctic Ocean. 

3 The top 80 m are represented by the three topmost levels of the model grid and 
comprise the surface mixed layer with the upper part of the cold haloc1ine in the 
Arctic Ocean. 
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Fig. 18.4. Annual mean fields of the upper Arctic Ocean (averaged over 0- 80 m) in 
the present-day control run: (a) Velocity, (b) salinity (contour interval is 0.5psu). 
Labels refer to the rotated model grid. 

18.4.1.2 Experiment 10 ka 

The freshwater forcing of Experiment 10 ka is described in Sect. 18.3.2.2. 
Strongest differences relative to the present-day forcing consist of a huge fresh
water influx from the North American/Greenland coasts and a reduced inflow 
of Pacific water through Bering Strait. These changes are directly reflected in 
the field of upper ocean salinity. Fig. 18.6a shows that freshwater from the 
Canadian coast is advected by the Beaufort Gyre into the central Arctic. Since 
the Bering Strait inflow is reduced, part of this freshwater can readily enter 
the Chukchi and East Siberian Seas. Lowered surface salinities in the Kara, 
Barents, and Norwegian Seas are directly caused by enhanced local runoff 
(see Table 18.1). The eye-catching high-salinity tongue north of Greenland 
(Fig. 18.6a) results from the reduced inflow of low-saline Pacific water and a 
changed circulation pattern. 

Figure 18.6b shows differences in upper ocean velocity relative to the con
trol run. Over the Canadian Basin and the East Siberian Sea the anticy
clonic pattern is intensified. A cyclonic gyre north of Greenland and changes 
in the Eurasian Basin result in a modified path of the TPD. The reduced 
Bering Strait inflow is compensated by a weaker outflow through the Cana
dian Archipelago4 and an increased inflow via the Barents Sea, maintaining 
a steady Arctic Ocean mass balance. 

4 According to Zreda et al. [1200J Nares Strait was just open at 10 ka after being 
blocked by ice sheets during the last glaciation. 
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Fig. 18.5. Annual mean sea ice thickness in the present-day control run. The contour 
interval is 1 m. The mean ice drift pattern is indicated by arrows. Labels refer to the 
rotated model grid. 

Differences in sea ice thickness are striking. Figure 18.7 presents annual 
mean differences between Experiment 10 ka and the control run. The de
creased heat input due to a reduced Bering Strait inflow in Experiment 10 ka 
causes sea ice to be thicker by up to 1 m in the vicinity of the strait. Sea ice 
thickness is advected into the central Arctic. In conjunction with lowered heat 
fluxes from the ocean (not shown) owing to a stronger salinity stratification, 
this results in a thicker ice cover over wide areas of the Arctic Ocean. The 
drift of sea ice is coupled with ocean currents through ocean-sea ice stresses. 
Therefore, differences in sea ice motion between Experiment 10 ka and the 
control run are almost identical to differences in the upper ocean circulation 
(Fig. 18.6b). 

18.4.1.3 Experiment 7 ka 

The freshwater forcing of Experiment 7 ka is described in Sect. 18.3.2.3. The 
most notable feature is a massive river input to the Laptev Sea. This fresh
water supply is conspicuous in upper ocean salinity (Fig. 18.8a). A zone of 
relatively low salinity extends from the Laptev Sea to Fram Strait and be
yond. Salinities lower than today appear in the East Siberian Sea due to 
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Fig. 18.6. Differences in mean upper ocean fields (averaged over 0-80 m) between 
Experiment 10 ka and the present-day control run (i.e., 10 ka-present-day): 
(a) salinity (contour interval is 0.5 psu), (b) velocity. 

enhanced local runoff, whereas a smaller local freshwater inflow gives rise to 
higher salinities in the Kara Sea. 

Changes in surface salinity are associated with changes in upper ocean 
velocity. Fig. 18.8b reveals considerable differences compared to the control 
run, particularly in the Eurasian Basin and the EGC. We find an increased 
throughflow in the western Pram Strait, and weaker flow through the Canadian 
Archipelago. The freshening of the EGC, visible in Fig. 18.8a, is associated 
with a stronger surface current. Thus it appears that the EGC is, at least 
partially, driven by freshwater-induced density gradients (cf. [1121]). 

Differences in sea ice thickness between Experiment 7 ka and the control 
run are small, exceeding Wcm only in few areas (not shown). 

18.4.2 Meridional Overturning in the Atlantic Ocean 

The zonal integral of the oceanic flow gives the meridional overturning cir
culation (MOC). The MOC is closely linked to the thermohaline circulation 
(THC) and has a well-known impact on climate (e.g., [129]) . Important 'head
waters' of the THC are formed by convection in the Arctic Mediterranean. 
Therefore, it is commonly believed that the strength of the THC is sensitive 
to changes in polar and subpolar hydrography and ocean dynamics. 

To assess the influence of variable Arctic freshwater input on the THC, we 
calculate 5-year-means of the Atlantic meridional overturning streamfunction 
from the end of the integration periods of the three experiments. The results 
are shown in Fig. 18.9. In the northern North Atlantic the modelled present
day MOC transports about 8 Sv of N ADW southward at depths between 1000 
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Fig. 18.7. Difference in mean sea ice thickness between Experiment 10 ka and the 
present-day control run . The contour interval is 0.1 m. 

and 3000 m (Fig. 18. 9a). Different freshwater forcings in the Experiments 10 ka 
and 7 ka do not result in major changes (Fig. 18.9b,c). Holocene variations of 
the total Arctic freshwater input appear to be too small to exert a noticeable 
influence on the Atlantic THe as they hardly affect the important convective 
regions in the Norwegian, Barents and Greenland Seas (not shown) . 

18.5 Towards a Dynamical Interpretation of Geological 
Records from the Arctic Ocean 

Geological records indicate that the basic features of today's Arctic Ocean 
circulation have been existent throughout the Holocene: inflowing Atlantic 
water through Fram Strait and the Barents Sea (e.g., [654], [1001], [95]), a 
Transpolar Drift (e.g., [264], [62]), and an anticyclonic gyre in the western 
Arctic (e.g., [62]). But there are also geological evidences for variations in the 
strength of the currents and their hydrographic properties. Moreover, shifts 
in their positions seem to have occurred. 

Based on heavy-mineral distributions in Arctic Ocean sediment cores, 
Behrends [62] reconstructed paleo-sea ice drift patterns. The data indicate 
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Fig. 18.8. Differences in mean upper ocean fields (averaged over o-80m) between 
Experiment 7 ka and the present-day control run (i.e., 7 ka-present-day): (a) Salinity 
(contour interval is O.5psu), (b) velocity. 

that the Beaufort Gyre expanded during the early Holocene. The results from 
Experiment 10 ka (Fig. 18.6b) suggest that Arctic freshwater forcing, in par
ticular the inflow of low-saline Pacific water through Bering Strait, had a 
substantial influence on the strength and size of the Beaufort Gyre. 

Variations in the Transpolar Drift during the Holocene were hypothesized 
by Dyke et al. [264] from radiometric analyses of driftwood collected in the 
Canadian Archipelago. For the mid-Holocene, coincident with the large fresh
water input to the Laptev Sea (see Sect. 18.2.3), the driftwood record suggests 
an eastward shift of the TPD and increased outflow through Fram Strait . The 
model results (Fig. 18.8b) reveal a strong connection between Arctic river 
runoff and the ocean circulation which may help to explain the TPD's vari
ability during the Holocene. 

18.6 Conclusions 

Compiling data and information from the available literature, we tried to 
paint a consistent picture of freshwater influx into the Arctic Ocean for the 
early and middle Holocene. A quantification, however, is difficult and subject 
to considerable uncertainty. In the future, we expect to gain more insight 
into the past Arctic freshwater budget by utilizing coupled climate models. 
Recent efforts in paleoclimate modelling intercomparison, however, revealed 
considerable discrepancies among the various models in use concerning mid
Holocene P - E in high latitudes (d. [234]). 
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Fig. 18.9. Meridional overturning streamfunction in the North Atlantic averaged 
over the last 5 years of the integration period: (a) Present-day control run, (b) 
Experiment 10 ka, (c) Experiment 7 ka. The contour intervals are 1 Sv. Positive 
values represent clockwise rotation in the plane of the figure. Labels refer to the 
geographical grid. 

Even though some speculative assumptions were necessary in order to 
construct the freshwater forcing used in our experiments, we believe that 
the rough magnitudes are realistic. Our results show that important effects 
on the polar oceanic circulation are associated with these magnitudes. The 
Arctic Ocean surface circulation is not simply driven by winds, as it is often 
claimed. Freshwater is dispersed by the oceanic flow field in upper layers, while 
the freshwater distribution is vitally important for driving the circulation. 
The results suggest that long-term Holocene variability in Arctic freshwater 
forcing caused considerable variability in Arctic Ocean dynamics on a century
to-millennium time scale. 

A gradual deepening of the Bering Strait until the mid-Holocene was prob
ably associated with an increasing heat flux into the Arctic Ocean. The model 
shows that the inflowing heat exerts a strong influence on polar sea ice. An 
intensified warm Bering Strait inflow causes a decline in sea ice coverage in 
the Chukchi and East Siberian Seas. Where sea ice is replaced by open water, 
the surface albedo decreases. It is therefore likely, that the gradually increas
ing influx of Pacific water during the early Holocene slowly affected the polar 
climate. Regarding the global impact of variable Arctic freshwater forcing on 
the oceanic circulation, the model results suggest only a small effect. Even 
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though the freshwater influx applied in our experiments can be considered 
as extreme (massive freshwater input from the North American/Greenland 
coasts, doubled runoff into the Laptev Sea), the influence on the strength of 
the THe is negligible. 

In the present work, we studied the influence of Arctic freshwater forcing on 
the coupled ocean-sea ice system. Examining the dynamical impact of varying 
atmospheric forcing and ocean bottom topography, acting both separately and 
in concert, would be the logical next step towards understanding the role of 
the Arctic Ocean in Holocene climate variability. 
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Forced Climate Variability During the Last 
Millennium with the Earth System Model 
CLIMBER-2 

Eva Bauer, Martin Claufien, Anja Hiinerbein and Victor Brovkin 

Summary. During the last millennium, variations in solar luminosity, volcanic ac
tivity, anthropogenic land use change and greenhouse emissions are the major forc
ings of the Earth climate. Recent reconstructions of these forcings are employed in 
CLIMBER-2, a coupled atmosphere-ocean-biosphere model of intermediate com
plexity, to estimate their effect on the climate system. Solar-forced CLIMBER-2 
simulations produce changes in the annual-mean surface temperature and in the 
North Atlantic meridional overturning in reasonable agreement with simulations 
by a comprehensive atmosphere-ocean general circulation model. The solar-forced 
simulation reproduces the centennial climate variability reconstructed from paleo
climatic data, for the relatively warm and wet 'Medieval Warm Period' compared 
to the cold and dry 'Little Ice Age'. However, in the southern European region the 
simulated precipitation increased during the Little Ice Age in consistence with re
ports on advances of glaciers and on flooding events. The rather low temperatures 
in the second half of the 19th century are attributed mainly to deforestation and 
little to solar activity and volcanic activity. The subsequent warming in the 20th 
century can be simulated reasonably only when the effect from the growing emission 
of greenhouse gases is included. 

19.1 Introduction 

Reconstructions of the Earth's surface air temperature from paleoclimatic 
records display significant variability on various scales during the last millen
nium. In the preindustrial period, i.e., from AD 1000 to 1850, the variabil
ity of the Northern Hemisphere (NH) temperature ranges over 1 to 2 K on 
interannual timescales, and ranges over a few tenth of a Kelvin on decadal
centennial scales. Prominent climate anomalies on centennial scales are the 
Medieval Warm Period (MWP) and the Little Ice Age (LIA). The MWP oc
curred roughly between the 11th and the 14th century and the LIA between 
the 15th and the 19th century. The uncertainty in the time interval associ
ated with these climate anomalies arises partly from the differences in the 
paleoclimatic data bases (e.g., [510], [687], [202]). In the NH, the MWP was 
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relatively mild (-0.2 K colder than the mean over the relatively warm pe
riod 1961-1990), while the 17th century was the coldest century in the last 
millennium [510]. The NH temperature shows a downward trend of -0.2 to 
-0.3 K during the preindustrial period. Data from the Southern Hemisphere 
are scarce and indicate only a weak intercentennial variation [512]. 

The two NH temperature reconstructions for the last millennium by Mann 
et al. [687] and Jones et al. [510], [512] agree surprisingly well in their cen
tennial trends. But on the interannual scale the two NH temperature series 
exhibit Significant differences. The annual temperature anomalies of Mann 
et al. [687], which are based on data series of tree-rings, corals and ice-cores 
(tropical and extratropical) and on a few long historical/instrumental records, 
vary in the range of [-0.4, 0.25K] with a standard deviation of 0.12K in the 
preindustrial period. The variability in the differently determined tempera
ture reconstruction of Jones et al. [510] is in the range of [-1.2, 0.5 K] with 
a standard deviation of 0.42 K. Another striking difference between the two 
annual reconstructions are the years of extreme anomalies. The data of Mann 
et al. [687] show the largest positive anomalies around 1250 and the largest 
negative anomalies around 1460, while the data of Jones et al. [510] show 
the largest positive anomalies around 1075 and 1105 and largest negative 
anomalies around 1601 and 1630. The Mann et al. data exhibit the lowest 
temperatures on decadal scales during the Sporer Minimum (RJ15th century), 
while the Jones et al. data show the lowest temperatures during the Maunder 
Minimum (1645-1715). 

The climate variability inferred from the paleoclimatic data is attributable 
to effects from internal nonlinear dynamics in the climate system in conjunc
tion with effects from external forcing. To identify mechanisms of the climate 
variability experiments with comprehensive climate models are needed. Cou
pled general circulation models (GCMs) of comprehensive complexity were 
run in control simulations, i.e., simulations with unchanged external forcings, 
to estimate the internal variability of the climate system. The comparison of 
power spectra of temperatures from such control simulations and from pa
leoclimatic data indicate that the internal variability alone is insufficient to 
describe the observed variability (e.g., [1018]). 

Estimates of climate variability from forced climate simulations with cou
pled GCMs for the last millennium are still not available for mainly two rea
sons. First, reconstructions of external forcings for the last millennium still 
contain relatively large uncertainties. Second, long-term simulations with cou
pled GCMs are impeded by the costly computations. So far, forced climate 
simulations with a coupled GCM are available for the period 1700-1992 [209], 
[208]. An alternative to obtain estimates of the forced climate variability are 
forced climate simulations with Energy Balance Models (EBMs). EBM stud
ies by Free and Robock [336] and Crowley [201] conclude that the combined 
effect from solar activity and volcanic activity can largely describe the climate 
variability during the preindustrial period. After 1850, anthropogenic forcings 
gain importance for climate simulations. 
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Here, the effect of different forcings, related to solar activity, volcanic 
activity, anthropogenic CO2 emission and land cover change is estimated 
with the climate model CLIMBER-2 (CLIMate and BiosphERe, Version 2). 
CLIMBER-2 is an Earth system Model of Intermediate Complexity (EMIC), 
in which the atmosphere, the ocean and the biosphere are interactively cou
pled [819], [356]. The simulated response is evaluated by comparison with 
the NH temperature reconstructions. The use of CLIMBER-2, instead of a 
coupled GCM, is regarded favorable with respect to separating the response 
(signal) from the internal variability (noise). This is possible, because the 
statistical-dynamical model for the atmosphere of CLIMBER-2 parameter
izes the internal dynamics appropriate to the coarse geographical resolution 
of CLIMBER-2. So even a small-amplitude response pattern from a small
amplitude forcing may be identifiable in the climate simulation. In this sense, 
the present study may be seen as a preparatory investigation to high-resolution 
simulations with coupled comprehensive climate models. 

The following Sect. 19.2 describes properties of the Earth system model 
CLIMBER-2. In Sect. 19.3 we introduce the reconstructed forcings used in 
the millennium integrations. The results of the CLIMBER-2 simulations with 
different forcings are presented in Sect. 19.4. The final Sect. 19.5 discusses 
the climate variability induced by the forcings in comparison with climate 
reconstructions. 

19.2 Description of CLIMBER-2 

The global model CLIMBER-2 is of type EMIC which stands for "Earth sys
tem Model of Intermediate Complexity". EMICs range between conceptual 
models and comprehensive general circulation models [168]. CLIMBER-2 con
sists of dynamical model components for the atmosphere, the ocean including 
sea ice, the terrestrial vegetation, and the global carbon cycle. The model 
components are nonlinearly coupled through fluxes of energy, fresh water, 
momentum and carbon, thereby accounting for feedback mechanisms within 
the climate system. 

The atmosphere component is a 2.5-dimensional statistical-dynamical 
model. The term '2.5-dimensional' expresses the explicit horizontal resolution 
and the implicit vertical resolution. The longitudinal resolution is 3600 /7 and 
the latitudinal resolution is 100 • The equations for the large-scale and long
term evolution of atmospheric variables, i.e. velocity in 3 dimensions, tem
perature and humidity, are derived from the primitive hydro-thermodynamic 
equations. The synoptic-scale characteristics are described by the second sta
tistical moments of the variables. The vertical distributions of temperature 
and humidity are derived from the prognostic equations of the vertically aver
aged variables under the assumption of an universal vertical structure [819]. 
The numerical integration time step is half a day. 



340 Eva Bauer, Martin ClauBen, Anja Hiinerbein and Victor Brovkin 

The ocean component is a 2-dimensional model including sea ice and the 
ocean carbon cycle. The ocean has 3 zonally averaged basins (Atlantic, In
dian Ocean and Pacific) connected by the southern circumpolar current. The 
meridional resolution is 2.50 and is resolved explicitly and the time step is 
5 days. Equations are based on the model of Stocker et al. [1008] and the 
thermodynamic sea ice module is based on [955]. The orography is resolved 
explicitly and the time step is 5 days. 

The terrestrial vegetation component is a reduced-form dynamical vegeta
tion model. It computes the vegetation cover in equilibrium with annual-mean 
climate variables, which are precipitation, temperature and growing-degree 
days, by applying a reasonable relaxation time interval. (Growing-degree days 
are defined as the annual sum of daily-mean temperatures for days above freez
ing temperature.) The present millennium integrations are conducted with the 
model version 2.3 including the closed carbon-cycle [137]. The interactive car
bon cycle accounts for biogeophysical and biogeochemical effects of land cover 
changes. 

CLIMBER-2 has been tested in several studies. Climate change studies 
involving different stable climate states, namely the modern climate and the 
Last Glacial Maximum climate, are associated with changes in the Atlantic 
thermohaline overturning circulation [358]. The rather stable climate of the 
Holocene involves feedback mechanisms between the atmosphere, the ocean 
and the vegetation [355], [167], [138]. 

19.3 Description of Forcings 

The long-term variations of the orbital parameters of the Earth-Sun system 
(Milankovich forcing) is the background forcing in the forced simulations and 
in the control simulation (CTL). Short-term changes in the irradiance are 
imposed by solar activity and volcanism. Four different forcings for solar ac
tivity (SI-S4), one forcing for volcanic activity (V) and one volcanic-solar 
forcing (VS4) are used in the following millennium integrations. In addition, 
the greenhouse gas emissions and the regional varying land cover changes are 
considered in a total forcing function (T). 

19.3.1 Solar Activity 

Solar activity changes were first recognized from observations of the sunspots. 
A record of the sunspot number is available after 1610 indicating an ll-yr cy
cle. This record was used together with recent measurements from spacecrafts 
to reconstruct time series of the solar luminOSity. Lean et al. [593] composed 
a time series of the total solar irradiance (TSI) from the small-amplitude os
cillation of the ll-yr Schwabe cycle and from larger fluctuations on longer 
timescales. The fluctuation related to the Schwabe cycle is rather well con
strained while the variability on longer scales is less certain. The overall vari
ability was linearly scaled to represent measurements for the present-day mean 
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and the Maunder Minimum. The lowest TSI values since 1610 were recon
structed at the Maunder Minimum (1645-1715) and at the Dalton Minimum 
(:::::: 1810). 
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Fig. 19.1. Total solar irradiance in Wm- 2 changing with solar activity in the last 
millennium. 81 and 82 in (a) based on [42], and 83 and 84 in (b) based on [201] 
together with solar constant 80=1365 Wm- 2 used in control simulation (CTL). 

An independent and longer proxy record of solar activity is provided by 
the cosmogonic isotopes in tree-rings and ice-cores. The production rate of 
cosmogonic isotopes is inversely correlated to the solar magnetic activity and 
thus to the solar irradiance. Bard et al. [42] reconstructed a TSI series for 
the last 1200 years from Beryllium-10 and Carbon-14 production rates. The 
inferred TSI series show low irradiances during the Maunder Minimum and 
the Dalton Minimum similar as inferred from the sunspot number. Lower irra
diances than during the Maunder Minimum are determined during the Sporer 
Minimum (:::::: 15th century) and the largest irradiances in the millennium were 
derived for the period between 1130 and 1230. Bardet al. [42] provided four 
different amplitudes of the TSI fluctuations using four different scaling factors 
through which increases from the Maunder Minimum to the present day, as 
obtained from different measurements, were reproduced. We choose this re
construction for two simulations and used the series scaled according to Lean 
et al. [593] and scaled according to Reid [862] denoting the forcings Sl and 
S2, respectively. The scaling of Sl implies a TSI increase from the Maunder 
Minimum to the present-day mean of 0.24% and the scaling of S2 an increase 
of 0.65% (Fig. 19.1). 

Crowley [201] spliced different proxy data to reconstruct radiative forcings 
for the solar activity of the last millennium. We choose from his reconstruc
tions the anomaly series denoted "C14 Bard/Lean splice" , and transformed 
the anomalies into TSI values (S3) . We also derived a fourth solar forcing 
(S4) by multiplying the series S3 with 1.75 to reconcile the amplitude of the 
long-term variability in S4 with the variability of S1. 

Figure 19.1 displays the four solar forcings, where each series is shifted 
such that its millennium-mean is equal to the solar constant (1365 Wm-2 ). 

The spread and the trend of each forcing for the preindustrial period, together 
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with the years of occurrence of the maximum and the minimum values are 
listed in Table 19.1. 

Table 19.1. Variability of total solar irradiance TSI from 1000 to 1850 in terms 
of spread, i.e., difference between maximum and minimum, years of occurrence of 
these extrema, and linear trend over the 850 years. Solar forcings Sl and S2 taken 
from [42]. S3 denotes "C14 Bard/Lean splice" from [201] and S4 is same as S3 but 
multiplied with 1.75. V denotes volcanic forcing from [201], and VS4 is combined V 
and S4. 

RADIATIVE FORCINGS 

experiment spread max min trend 
Wm- 2 AD AD Wm- 2 

Sl 5.1 11471459 -1.1 
S2 13.2 11471459 -2.8 
S3 3.2 12281705 -1.7 
S4 5.6 12281705 -3.0 

V 11.8 - 1260 -0.2 
VS4 12.6 12271260 -3.1 

19.3.2 Volcanic Activity 

The first-order effect of a volcanic eruption is an increase of the optical thick
ness of the atmosphere involving a reduction of the insolation. The reduction 
has often a relatively large amplitude which lasts about one to three years. 
The occurrence of volcanic eruptions is irregular. Yet the record of volcanic 
aerosol deposition in ice-cores over the last 2100 years indicates an intermedi
ate number of occurrencies between 600 and 1300 and the greatest number of 
eruptions between 1400 and 1985 [1182]. This may point at a possible impact 
of the volcanic activity on the relatively mild climate of the MWP and the 
cool climate of the LIA. We employed the volcanic forcing provided by Crow
ley [201] from the ice core volcanic index. This forcing function, however, has 
a negligibly small downward trend compared to the trend in the solar forcing 
functions (Table 19.1). So, the volcanic activity of the last millennium can be 
regarded mainly as a generator of short-term climate variability. Figure 19.2 
shows the volcanic forcing V and the volcanic-solar forcing VS4. 

19.3.3 Anthropogenic Forcings 

Since about 1800 the climate is increasingly influenced by changes in land 
cover and greenhouse gas emission. The global forest cover reduced from 1000 
to 1992 by about 30% from 57 to 41.5 million km2 [852]. The largest changes 
were found from 1850 to 1970. Before 1900 the deforestation occurred mainly 
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Fig. 19.2. Total solar irradiance in Wm- 2 reconstructed from volcanic activity V 
and combined with solar activity VS4 for last millennium based on [201]-

in the northern subtropical and temperate regions. Then in the second half 
of the 20th century the expansion of agriculture in these regions stopped and 
was even reversed while the tropical deforestation intensified. 

The change of the global CO2 emission is taken from [693] . The partial 
pressure of CO2 increased from 280 to 300 ppm from 1800 to 1900 and after
wards increased more rapidly to 356ppm in 1992. The anthropogenic forcings 
and the individual responses are described in [138]. Here, we consider the 
anthropogenic forcings together with the forcing V84 in the total forcing T. 

19.4 Results of Forced CLIMBER-2 Simulations 

19.4.1 Time Series of Air Temperature and Oceanic Circulation 

The radiative forcings, mimicking the changes in solar activity (81-84), in
duce changes on centennial and decadal scales, as shown for the global-mean 
near-surface air temperature (Fig. 19.3) and the NH temperature anomaly 
(Fig. 19.4). The temperature response to the time-varying forcings is similar 
to, but weaker than in climate equilibrium simulations. The effective climate 
sensitivity estimated from the solar-forced CLIMBER-2 simulations with a 
mean albedo of 0.3 ranges between 0.3 and 0.5K/(Wm-2) which is smaller 
than the equilibrium sensitivity of 0.6K/(Wm-2) given, e.g., in [209]. 

The radiative forcing and the temperature response are positively corre
lated with some time delay. The mean time delay inferred from the cross cor
relation function is about 4 years. The time delay depends, however, on the 
time-history of the forcing and the response behaviour of the climate system. 
This may lead to different time lags between the extrema in the forcing and 
in the response (see 82 in Tables 19.1, 19.2). 

The preindustrial NH temperature anomalies of the solar-forced simula
tions 81, 83, 84 compare reasonable with the anomalies from Jones et al. [510] 
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Fig. 19.3. Global annual-mean temperature (OC) obtained from CLIMBER-2 con
trol simulation (CTL) and forced simulations using solar forcings Sl -S4 . 
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Fig. 19.4. Anomalies of annual-mean NH temperature (K) with respect to control 
simulation (CTL) obtained with solar forcings Sl-S4. 

and Mann et al. [687] , while the high-scaled solar-forced simulation S2 overes
timates the reconstructed long-term variability. The interannual variability in 
the CLIMBER-2 simulations grows significantly, when the volcanic forcing is 
applied (Fig. 19.5). The volcanic forcing induces further cooling at the Sporer 
Minimum, the LIA and at the Dalton Minimum. 

Among the presented simulations, the simulation T yields the best es
timate for the annual NH temperature anomaly during the last millennium. 
The smoothed (31-year running mean) temperature anomalies during the LIA 
agree quite well with the temperature anomalies of Jones et al. [510] and Mann 
et al. [687] in Fig. 19.6. Only in the late MWP the simulated positive temper
ature anomalies agree better with the data of Jones et al. [510] while in the 
early MWP the simulated anomalies agree better with the data of Mann et al. 
[687]. The relatively cool climate of the early 19th century appears to be re
lated to the cooling effect volcanism and later in 19th century from land cover 
changes. In the 20th century the cooling effect from deforestation becomes 
compensated by the warming effect from growing CO2 concentrations. 

The temperature anomalies relative to the control simulation of the simula
tion T smoothed over 11 years share correlations of r = 0.62 and r = 0.55 with 
the data of Mann et al. [687] and Jones et al. [510], respectively, for the prein
dustrial period. Correlations increase slightly if the volcanic forcing is ampli
fied [52]. The correlation between simulation T with that of Crowley [201] is 
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Table 19.2. Simulated response of global-mean surface air temperature (K) and 
meridional overturning stream function (Sv=106m3/s) in the North Atlantic for the 
period 1000-1850 using different radiative forcing (see Table 19.1 and text) . 

SURFACE AIR TEMPERATURE OVERTURNING FUNCTION 

experiment spread max min trend spread min max trend 
K AD AD K Sv AD AD Sv 

Sl 0.31 1210 1461 -0.10 0.9 1153 1466 0.2 
S2 0.76 1235 1461 -0.26 2.4 11541467 0.5 
S3 0.22 1237 1708 -0.12 0.6 12431714 0.3 
S4 0.38 1238 1711 -0.22 1.0 1241 1715 0.5 

V 0.24 (1422) 1262 0.00 0.3 12691438 0.0 
VS4 0.44 1228 1817 -0.24 1.1 12461468 0.6 

T 0.51 1228 1818 -0.28 1.5 1845 1468 0.5 
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Fig. 19.5. Anomalies of annual-mean NH temperature (K) with respect to control 
simulation obtained from volcanic forcing and combined volcanic and solar forcing. 

relatively large (r = 0.94). This large correlation, however, degrades in the 
industrial period because the anthropogenically induced temperature growth 
starts already in the beginning of the 19th century in Crowley's simulation 
while it starts only in the 20th century in the CLIMBER-2 simulation. This 
suggests that the effect of land cover change, which is not contained in Crow
ley's simulation, is relevant for reproducing the reconstructed temperatures. 

The anomalies of the meridional overturning stream function in the North 
Atlantic spread between 0.6 and 2.4 Sv (Table 19.2) which corresponds to a 
relative change of 3-12%. This change agrees well with the results obtained 
with the coupled GCM simulation of Cubasch and Voss [208]. The overturning 
stream function is inversely correlated to the radiative forcing (Fig. 19.7). The 
time lag estimated by the crosscorrelation function is about 9 years while the 
time lags between the extrema of the solar forcing and the overturning range 
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Fig. 19.6. NH temperature anomalies (K) from CLIMBER-2 simulation (continu
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Fig. 19.7. Maximum of the overturning stream function (Sv) in the North Atlantic 
obtained from control simulation (CTL) and simulations with solar forcings SI-S4. 

from 6 to 15 years (Table 19.1, 19.2) . A positive (negative) radiative forcing 
anomaly induces a weakening (strengthening) of the overturning stream func
tion in the North Atlantic which implies a smaller (larger) heat transport from 
the low latitudes to the high northern latitudes. Thereby the surface air tem
perature response to the radiative forcing is altered, at least in the northern 
North Atlantic and the adjacent land regions. The short-term volcanic forc
ing induces a damped oceanic response without changes in the latitude-depth 
pattern of the stream function (not shown). 
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19.4.2 Geographical Climate Changes Between LIA and MWP 

From 1000 to 1850 the major large-scale climate changes occurred from the 
MWP to the LIA. The climate changes exhibit geographically different distri
butions for different climate variables. We present distributions of the changes 
in near-surface temperature and precipitation of the LIA relative to those of 
the MWP for the annual mean, the winter (DJF) mean and the summer 
(JJA) mean. The distributions are from the CLIMBER-2 simulation with 
forcing VS4, assigning the 10-year mean over 1241 to 1250 to the MWP and 
the 10-year mean over 1691 to 1700 to the LIA (Fig. 19.8). 
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Fig. 19.8. Climate change distributions oftemperature in K (a-c) and precipitation 
in mm/day (d-f) from the LIA climate (mean over 1691 to 1700) minus the MWP 
climate (mean over 1241 to 1250) from CLIMBER-2 simulation with volcanic-solar 
forcing VS4. Climate changes are for annual means (a,d), winter (DJF) means (b,e) 
and summer (JJA) means (c,f). 
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The annual-mean temperature response to changes in the solar forcing is 
expectedly larger in the NH than in the Southern Hemisphere and is larger 
above land than above ocean. The colder annual-mean temperatures in the 
LIA relative to the MWP range from -0.3 K in the low latitudes to -0.7 K 
in the northern high latitudes. The seasonal temperature changes are largest 
during winter in the high northern latitudes and are smallest in the tropical 
ocean areas and the southern oceans (Fig. 19.8a- c) . 

The annual-mean precipitation response concentrates in the tropical belt. 
The precipitation changes in the LIA relative to the MWP indicate less precip
itation by up to 0.3mmjday in the summer monsoon regions (Fig. 19.8d-f). 
This change is attributable to the cooling and to the weakening of the summer 
monsoon. Empirical support may be seen from the larger summer precipita
tion in the southwestern USA in the MWP [223] which corresponds to less 
summer precipitation in the LIA. However, in the LIA the precipitation is 
seen to increase slightly in the southern North American winter, and in the 
southern European and Mediterranean summer (Fig. 19.8e-f). The simula
tion of more rain in the Mediterranean region in the LIA is supported by 
empirical evidence of severe floods [403]. But this comparison has to be seen 
with caution, because the topography of CLIMBER-2 and the synoptic-scale 
variability are likely to be insufficiently resolved in this area. Nonetheless, 
the simulated winter (DJF) snow fall region extends further south in North 
America and Europe in the LIA compared to the MWP (Fig. 19.9). This 
may be seen in accordance with them advances of Alpine glaciers in the LIA 
[403], [404]. Glaciers advance either through more snowfall or less ablation 
loss in cooler summer seasons, and both mechanisms are reproduced in the 
simulation. 
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Fig. 19.9. Change of winter (DJF) snow fall (mm water/day) obtained from LIA 
snow fall (1691-1700 mean) minus MWP snow fall (1241-1250) mean from simula
tion VS4. 



19 Forced Climate Variability During the Last Millennium 349 

19.4.3 Frequency Power Spectra 

Power spectra of the NH surface air temperature for the preindustrial period 
(1000-1850) from the differently forced climate simulations are compared with 
power spectra from the temperature reconstructions of Mann et al. [687] and 
Jones et al. [510] in Fig. 19.10. The low spectral variance in the unforced cli
mate simulation (CTL) is effectively enhanced in the forced simulations. The 
pulse-shaped volcanic forCing function V, of which the frequency spectrum is 
approximately white, induces a temperature spectrum with a red-noise char
acteristic, i.e., the spectral power is frequency-independent at low frequencies 
and is inversely proportional to the second power of frequency toward higher 
frequencies. The volcanic forcing is most effective on scales of years to decades 
and eases toward centennial scales . 
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Fig. 19.10. Power spectra of detrended NH annual-mean temperatures from 1000 
to 1850 of CLIMBER-2 simulation without external forcing (CTL) compared to 
spectra from temperatures of Jones et al. [510] and Mann et al. [687] and in (a) also 
from simulations 81, 82 and V and in (b) also from simulations 83,84 and V84 (see 
Table 19.1). 8pectral slope typical for red-noise spectra indicated by r2-line. Error 
bar shows 95% confidence interval. Power spectra are smoothed by 5-point running 
mean. 

The impact of the solar forcings is largest for periods in the range of 
decades to centuries. The CLIMBER-2 simulation with VS4 forCing repro
duces reasonably the climate variability on centennial scales. But on annual 
and decadal scales CLIMBER-2 underestimates the climate variability. The 
comparison of the spectra from the simulations SI and S2 and from the sim
ulations S3 and S4 shows that the application of a relatively small scaling 
factor to the solar forcings results in an amplification of the entire spectral 
power. Determining an optimal scaling of the solar forcing remains difficult 
partly because of the large differences (up to factor 10) between the spectra 
from the temperatures of Mann et al. [687] and Jones et al. [510]. 
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19.5 Conclusions 

Climate changes on scales between years and centuries in the last millen
nium result from different climate forcing factors. The major forcings are as
sociated with changes in solar luminosity, volcanic activity, greenhouse gases 
and land cover. The effects of the different forcings on climate are estimated 
from millennium integrations conducted with the climate model CLIMBER-2. 
CLIMBER-2 is an Earth system model of intermediate complexity, in which 
the atmosphere, the ocean, and the biosphere are fully coupled. 

The climate variability on centennial scales is reproduced reasonably well 
by solar variability. The simulated long-term variability of the NH surface 
temperature lies well within the range of the long-term temperature fluctu
ations reconstructed by Mann et al. [687] and Jones et al. [510], [512]. The 
simulated climate variability on decadal and annual scales is significantly en
hanced through the volcanic forcing. But the volcanic forcing cannot repro
duce the short-term variability apparent in the temperature reconstructions, 
which contain also internal variability which is not resolved by CLIMBER-2. 

Changes of the surface air temperature and the precipitation in the Little 
Ice Age relative to the Medieval Warm Period exhibit geographically different 
distributions. In the LIA, temperatures are cooler everywhere with the largest 
negative anomalies over land in mid and high northern latitudes. Precipitation 
in the LIA is reduced mainly in tropical latitudes related to the global cooling 
and the weakening of the monsoon circulation. A weak signal of increased 
precipitation and a southward extended snow fall area in southern Europe 
is consistent with empirical evidence of flooding events and Alpine glacier 
advances. 

The simulated large-scale patterns of forced climate changes during the 
last millennium agree reasonably well with observational evidence and general 
circulation model simulations. The impact from regional land cover changes 
after 1800 leads to a reduction in the global temperature. The inclusion of the 
deforestation effect leads to an improved agreement between the CLIMBER-2 
simulation and the reconstructions, in particular in the second half of the 
19th century. Further detailed climate change studies are needed to improve 
our understanding of the combined impact from natural and anthropogenic 
forcings. 
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The Contribution of High-resolution 
Magnetostratigraphic Analyses to 
Paleoclimatic Reconstructions 

Norbert R. Nowaczyk, Ute Frank, Jens Mingram, Gergana Yancheva, Liu 
Jaqui and Jorg F. W. Negendank 

Summary. Paleoclimatic studies based on sedimentary sequences can be supported 
by the analysis of the sediment's magnetism. Determination of the magnetization 
directions, and partly, the intensity can provide useful information for dating when 
the results can be correlated to dated master curves. So, one main task of a magne
tostratigraphic study is to provide an age model for the sediments investigated for 
paleoclimatic reconstructions. In addition, analysis of the magnetic carrier minerals 
themselves give additional information about paleoenvironmental processes, since 
often the input and preservation or alteration of the magnetic particles reflect cli
matic influences on the sediments bulk composition. Magnetostratigraphy therefore 
can be one of the most important stratigraphic tools in paleoclimate research. 

20.1 Introduction 

Magnetostratigraphy, in its modern meaning, the analysis of various paleo
and rock magnetic parameters of a sedimentary sequence versus depth, has 
become one of the most important methods in stratigraphic work. Especially, 
the improvement of data acquisition and analysis techniques during the last 
two decades led to a Significant increase in speed of sample processing as well 
as in the quality of magnetostratigraphic data sets on, for example, lacus
trine, that is, lake sediments. Modern equipment allows the processing of up 
to 10,000 paleomagnetic samples per year or, e.g. to measure magnetic sus
ceptibility in steps of 1 mm on 80 m long cores in 3 weeks. This about ten-fold 
increase in data volume as well as in quality supplies a profound data base 
for a detailed correlation and analysis of long sedimentary sequences last but 
not least also for paleoclimatic purposes. 

The classical magnetostratigraphic investigation, that is, the determina
tion of the directional secular variation (Fig. 20.1) has been supplemented by 
techniques that also reconstruct the third vector component of the geomag
netic field, the (relative) paleointensity variations (Fig. 20.2). Compared to 
the directional secular variations, which are mainly linked to the non-dipolar 
components, and therefore are only of regional significance, the paleointensity 
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Fig. 20.1. Correlation between inclination records from Skanderborg SI2l, Den
mark [861], the Eifel maar lakes, Germany [1009], Lago di Mezzano, Italy [329], 
Lake Trikhonis, Greece [199] and Lake AsIikul, Russia [769], the British master curve 
[1078] and the archaeomagnetic record from Bulgaria [552]. All inclination features 
are labelled with Greek letters, following the convention presented by Thompson and 
Turner [1063]. The records from Skanderborg SI2l and Bularia are smoothed with a 
3-point-, those from Lake Trikhonis with a 5-point-weighted running average. The 
proposed correlations are marked by dashed lines. 

variations seem to be related to the dominant dipolar component. There
fore, it is likely a global signal that can be traced across continents or even 
hemispheres (e.g., [150]) and, moreover, can be used for correlation between 
lacustrine, that is, continental and the marine environments. 

However, the detailed rock magnetic analysis of several sedimentary ar
chives also raised some questions about the fidelity of certain paleomagnetic 
records. Especially multi-disciplinary investigations including non-magnetic 
techniques yielded a complex image of interacting processes that can, under 
some conditions, distort or even completely destroy the primary (paleo-) mag
netic information. On the other hand, such syn- to post-depositional processes 
are linked with climatically induced variability of the environment. Thus, de
termination of rock magnetic parameters embedded into a wide range of other 
stratigraphic methods can provide valuable additional information for the re
construction of climate variability whereas the paleomagnetic data can provide 
the necessary time scale. Table 20.1 (p. 361) gives a brief overview of terms 
used in paleo- and rock magnetic investigations. Maher and Thompson [676] 
give a comprehensive summary of rock magnetic techniques especially applied 
to paleoclimate reconstructions. Detailed descriptions of paleomagnetic tech
niques are available online at: http://www.geo.arizona.edu/Paleomag/book/. 
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Fig. 20.2. Comparison of relative paleointensity records from Lake Pohjajarvi, 
Finland [911], Lake Baikal, Siberia [808] and Lago di Mezzano, Italy [329] with 
the archaeomagnetic paleointensity records from Central Asia [747] and Bulgaria 
[552]. The dashed line marks a pronounced intensity low at around 1.9 ka. 

20.2 Processes Acting on the Magnetization of 
Sediments 

20.2.1 Geomagnetic Field Recording by Sediments 

The magnetic moment of magnetic particles blown or washed either into a 
lake or into the sea becomes aligned parallel to the ambient geomagnetic field 
within the water column very quickly, that is, after a few millimeters of moving 
down the water column. During settling at the sediment surface these mag
netic particles become fixed within the sediment matrix, with their magnetic 
moment still more or less aligned parallel to the actual geomagnetic field. 
Thus, in prinCiple, sediments can record continuously directional variations 
of the earth's magnetic field . The degree of alignment, that is, to a first or
der approximation, the amplitude of a sedimentary magnetization appears to 
be proportional to the strength of the ambient geomagnetic field [1039] . Ac
cording to absolute as well as relative paleointensity determinations the field 
intensity was variable within the range of one order of magnitude or even 
more (e.g. , [721], [413]) in geological history, with a relatively high value of 
8 x 1022 Am2 in recent times. Especially polarity changes of the geomagnetic 
field, the last one occurred 780 ka ago, and short reversal excursions occurring 
every 2 to 5 X 104 years, documented as magnetization directions differing 
largely from the expected dipole direction for a certain site, are associated 
with pronounced lows in the field intensity (e.g., [575], [772]). Summarized in 
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dated reference curves, paleomagnetic variations, both directions and inten
sity can serve as a correlation and dating tool for (late) Quaternary sediments 
(e.g., [413], [575]) providing the time scale for paleoclimate studies. Since the 
typical periods of secular directional and intensity variations are in the range 
of 102 to 104 years, dated reference records of these variations can serve as 
high-resolution correlation and dating tools, especially where other methods 
have problems or even fail to provide an appropriate age model. 

However, the concentration and grain size of magnetic particles also influ
ence the sediment's magnetization amplitude. The more particles are present 
the stronger the magnetization can be. Therefore, reconstructions of the vari
ations in geomagnetic field strength have to take into account the variations in 
concentration of magnetic carrier minerals. This is normally done by normal
izing the sediment's magnetization intensity by a concentration-related pa
rameter, e.g. the saturation magnetization (SIRM). However, the wide range 
of different grain sizes and associated different mass/magnetic moment ratios 
limit the applicability of this method [1039]. The ideal sediment for properly 
recording geomagnetic field variations in terms of directions and intensity con
tains a sufficient amount of magnetic minerals but without any, or at least only 
a minimum degree of changes in composition and concentration. In addition, 
the magnetic particles should be of a certain mineralogy, preferably mag
netite, as well as of a certain grain size range, so that they are able to carry 
a stable magnetization. Of course, natural sediments never strictly meet all 
these prerequisites all together, but' sometimes at least the majority of them. 
Moreover, in realistic scenarios, even only a very small portion of all magnetic 
minerals really contribute to the directional records of sediments. This can be 
estimated by comparison of the intensities of the natural remanent magneti
zation (NRM) to an artificially imprinted saturation magnetization (ARM or 
IRM, see Table 20.1), yielding ratios of 1:10 to 1:100. Thus, it can be con
cluded that the majority of magnetic particles are just randomly distributed. 
Therefore, a careful analysis of the magnetic properties, the determination of 
the mineralogy, amount, grain size, magnetic fabric, and alteration status of 
the magnetic carrier minerals has to be performed in order to clarify the qual
ity of a sediment as a geomagnetic field recorder that shall provide a reliable 
age model. 

Beside the environmental processes that cause the deposition of sediments 
and the magnetic particles therein, post-depositional processes, such as re
ductive dissolution of detrital magnetic particles or authigenic precipitation 
of new magnetic minerals, also can act on the magnetization of sediments. The 
processes associated with the deposition, that is, the acquisition of magneti
zation, and post-depositional processes, generally modifying if not destroying 
the primary magnetization record, are briefly discussed in the next two sec
tions. 
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20.2.2 Environmental Changes 

Variability of environmental conditions, either of regional or global extend, is 
associated with different weathering and erosional processes, as well as with 
various transport and depositional conditions. This results in a varying sed
iment composition with varying content and/or composition and quality of 
the magnetic minerals as a common constituent of the sediments (e.g., [226]). 
In a first approximation, the concentration of magnetic minerals can be mon
itored by measuring the magnetic susceptibility (lC). This is also the first 
(rock magnetic) method applied during processing of sediment cores. Simi
lar to other physical properties, magnetic susceptibility can be determined 
on un-opened as well as on splitted sediment cores, or sediments stored in 
sampling boxes [770]. Since magnetic susceptibility often reflects changes of 
the bulk composition of recovered sediments, the obtained logs can be used 
for correlation of different sediment cores from the same site (lake) in order 
to create composite profiles without data gaps (Fig. 20.3), and also for corre
lation of sediment cores/composites from different sites. Such measurements 
are non-destructive, fast and easy to perform, yielding characteristic patterns, 
with values often ranging over several orders of magnitude. Therefore, over 
the last two decades, logging of magnetic susceptibility has become one of the 
standard methods applied on stratigraphic sections and sediment cores from 
marine, lacustrine, and terrestrial environments (e.g., [713], [564], [446], [82], 
[1163], [1030], [676]). Nevertheless, one has to keep in mind that magnetic 
minerals just make roughly about 1 %0 of the whole sediment. 
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Fig. 20.3. Magnetic susceptibility records of two parallel cores, HUG-A and 
HUG-C, from Huguang Maar, SE China, automatically measured in steps of 1 mm. 
This example demonstrates the high degree in precision as well as reproducibility 
of the applied technique as a basis for core correlation on one hand and the high 
degree of environmental variability on the other hand. 

The ideal sedimentational environment for recording climatic changes re
acts directly, but rarely linearly, to a maximum degree to climatically induced 
or forced processes. The variability of the input of magnetic material into 
a stratigraphiC sequence is determined (1) by environmental changes in the 
source area providing the detrital material, (2) by changes in transportation 
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pathways and related fractionation mechanisms, and (3) by in situ bioproduc
tion diluting the detrital material. Thus, sediments can be characterized by a 
high variability in concentration and/or grain size of (magnetic) particles be
ing the image of environmental, that is, climatic changes. This appears to be 
in a clear contrast to what an ideal paleomagnetic recording medium should 
look like. Natural sediments, of course, are often a compromise between an 
ideal environmental and an ideal paleomagnetic recording material. Again, 
only a detailed analysis of the magnetic fraction can reveal whether a sed
imentary record is more suitable for either paleomagnetic or environmental 
purposes. 

20.2.3 Diagenesis 

Of course, it cannot be assumed that sediments once deposited are not altered 
afterwards. Post-depositional processes, mainly of bio- and geochemical na
ture can, sometimes severely, affect the paleo- and/or rock magnetic records of 
sediments. A classical example of massive early diagenetic affection of marine 
magnetic records is the sapropel formation in the Eastern Mediterranean Sea 
(e.g., [583], [802]). Here episodically occurring stratification of the water body 
due to astronomical forcing, that is, variations of the earth's orbit (eccentric
ity) and rotation axis (precession and obliquity), and associated development 
of anoxic conditions led to a massive reductive dissolution of iron oxides. The 
amplitudes of parameters related to the concentration of magnetic particles 
(magnetite) are decreased by about two orders of magnitude within the af
fected sediments. The nearly complete destruction of the primary magnetic 
carrier minerals is associated with a massive pyritization, or more general with 
subsequent precipitation of iron sulfides. Partly this dissolution is followed by 
an authigenic precipitation of new magnetic minerals in certain intervals when 
oxic conditions re-establish. These newly formed iron oxides record the mag
netic field during their growth. Thus, the primary paleomagnetic signal is 
partly destroyed and partly superimposed by a secondary post-depositional, 
that is, much younger component (e.g., [584]). 

For paleoclimatic investigations of lake (and also marine) sediments it is 
desirable to have a maximum preservation of organic matter as an archive of 
variations in primary bioproduction which, in turn, can be interpreted as a 
mirror of climate variability. This is best provided, of course, under anoxic 
conditions within at least the lower part of the water body of the lake. This 
implies that the lake's water body has to be stratified. The need for anoxic 
conditions for the preservation of organic matter is, unfortunately, not the 
preferred environment for the preservation of magnetic minerals which are iron 
oxides, because reductive magnetite dissolution associated with the anoxic 
conditions seems to be a common process also in such lakes. Nowaczyk et 
al. [771] could show for Lama Lake in North Siberia that even below an 
oxic water body anoxic conditions might develop within the sediments some 
10 cm below the sediment surface if the input of organic matter exceeds a 
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certain level. Here, the decomposition of organic matter uses up all the oxygen 
dissolved within the pore water until anoxic conditions develop. This process 
is associated with at least the dissolution of the finest magnetite particles, as 
determined by hysteresis analysis, and a dampening of concentration-related 
parameters, such as magnetic susceptibility [771]. 
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Fig. 20.4. Paleomagnetic (a, b) , rock magnetic (c, d) , and geochemical (e, f) 
results from Lake El'gygytgyn, NE Siberia, as an example of massive magnetite 
dissolution during episodically occurring anoxic conditions within the lake mainly 
monitored by the S-ratio. Anoxia are indicated by parallel lows in magnetic sus
ceptibility and highs in total organic carbon (TOC). TS - total sulphure, S-ratio = 
0.5 x (1- (IRM-o.3T/IRM1.8T)), IRM - isothermal remanent magnetization, JNRM 

- intensity of natural remanent magnetization, JC - magnetic susceptibility, ChRM 
- characteristic remanent magnetization. 

Finally authigenic precipitation of pyrite, as detected by increased amount 
of total sulphur (TS) takes place. Deposition of laminated sediments rich in 
organic matter, as measured by the amount of total organic Carbon (TOC) 
or biogenic silica, occurs if the overlying water body is also anoxic (stratified). 
In such depositional environments the dissolution of magnetic particles can 
reach the severe degree as in the sapropels in the Mediterranean Sea. Such 
an example, Lake EI'gygytgyn in Northeast Siberia, is shown in Fig. 20.4. 
Here, a complex interaction of changes (1) between oxic/anoxic conditions, 
(2) changes between low and high biogenic influx, and (3) the switch between 
glacials and interglacials led to either a preservation or partial to severe dis
solution of magnetite. This is measured (a) by high susceptibility values with 
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a high variability (oxic water, oxic sediments), (b) high susceptibility values 
with little variability (oxic water, anoxic sediments), and (c) very low suscep
tibility values (anoxic water, anoxic sediments), respectively. Since hematite, 
also a common magnetic constituent, has a higher coercivity but is much more 
resistant against dissolution under anoxic conditions, the coercivity is high
est in sediments representing anoxic conditions. The paleomagnetic record is 
relatively noisy, still exhibiting reasonable directional variations, but, an esti
mation of relative paleointensity is not possible due to the massive dissolution 
of magnetite during several anoxic phases within the lake's water body and in 
the subsurface sediments [773]. However, in summary, the comprehensive rock 
magnetic as well as geochemical analysis of the sediments yielded a detailed 
image of paleoenvironmental variability in northeast Siberia. 

20.3 Discussion of Perspectives and Limitations 

Application of paleomagnetic methods, in terms of reconstruction of direc
tional and intensity variations of the geomagnetic field as a dating and cor
relation tool, ideally requires minimum variability in magnetic composition, 
concentration and grain size of magnetic particles, whereas environmental 
magnetism methods, in terms of analysis of the climatic impact on sedimen
tary sequences, require maximum variability of these parameters. It appears, 
taking an extreme point of view, that a sedimentary sequence is either use.. 
ful for a reliable paleomagnetic reconstruction or for a determination of the 
climatic variability. 

Moreover, episodical development of anoxic conditions in the water and/or 
the subsurface sediments of a lake might make both the paleo- and rock mag
netic records even much more complicated. One should keep in mind, that 
the information that can be obtained from the magnetism of lake sediments 
is the result of complex synchronous or asynchronous, sometimes interacting 
syn- and post-depositional processes. Moreover, a lack of precision in dating 
the analyzed sedimentary sequence sometimes inhibit a precise interpretation 
of the obtained records in terms of climate variability or paleomagnetic infor
mation. Nevertheless, the application of a detailed rock magnetic analysis in 
terms of both high-resolution and a wide spectrum of applied techniques can 
play the most important role in evaluating a stratigraphic record subjected to 
a (magneto-) stratigraphic investigation. Figure 20.5 gives an example of how 
rock magnetic records can differ from each other when cores where recovered 
from the same lake but from different water depths. However, after analyzing 
all available data sets, a quite reliable paleointensity estimate could be ob
tained that can be correlated to other records (Fig. 20.6), providing a refined 
age model for the investigated sediments especially for times older than about 
50 ka, where 14C dating is not applicable any more. It is also interesting to 
note that here a correlation between a continental, or, being more precise, a 
lake record and two marine records could be achieved. Moreover, both marine 
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Fig. 20.5. Rock magnetic results of two sediment cores from two different water 
depths in Lake Huguang Maar, SE China. All three parameters indicating the con
centration of magnetic particles, their grain sizes and their coercivity ('magnetic 
hardness') are significantly different between the two cores, especially within the 
upper half of the displayed depth interval. KLF - low field magnetic susceptibility, 
ARM - anhysteretic remanent magnetization, SIRM - saturated isothermal rema
nent magnetization, S-ratio = 0.5 x (1 - (IRM-o.3T /IRM2.oT )) 

records are different in longitude from the Huguang Maar site by about 180° 
with the Blake Outer Ridge being at the same latitude (about 21 ON), whereas 
the North Atlantic stack stems from latitudes roughly between 60 and 700N. 

Especially the interdisciplinary combination of various parameters from 
sedimentology, paleontology, geochemistry, varve chronology, radiocarbon chronol
ogy, and last but not least paleo- and rock magnetism can provide a detailed 
and broad data base for unrevelling the climatic history as documented in 
sedimentary records of lakes. Then it can be estimated which are the most 
relevant parameters describing certain processes or conditions and how reli
able they are. 
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Fig. 20.6. Paleointensity estimation for the SE China region compared to 
NAPIS-75, the North Atlantic PaleoIntensity Stack by Laj et al. [575] and a record 
from Blake Outer Ridge [948]. The paleointensity estimation for Huguang Maar has 
been calculated using the value of the NRM after alternating field demagnetization 
at 30mT corrected by low-field magnetic susceptibility lCLF. The corrected values 
have been subsequently divided by the arithmetic average of the dataset. The record 
of the Blake Outer Ridge has been used for comparison as originally presented by 
the authors. The NAPIS-75 stack has been divided by its overall mean in order to 
generate values varying over the same range as the two other records. The small 
arrows denote 14C dated horizons [728] . 
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Table 20.1. Short glossary of common paleo- and rock magnetic terms 

ARM: anhysteretic remanent magnetization. artificially imprinted magneti
zation using a combination of an alternating magnetic field and a weak static field. 
General measure of concentration of magnetic particles. Mainly smaller magnetic 
particles « 1 !lm) are affected. Applicable only to rocks/sediments containing solely 
soft magnetic minerals (-+ magnetite, -+ greigite). 

ChRM: characteristic remanent magnetization. Direction of the -+ NRM 
after removal of secondary (post-genetic) directional components by appropriate de
magnetization techniques (stepwise alternating field or thermal demagnetization). 
Numerically determined by principle component analysis from demagnetization 
data. 

Coercivity: term describing the 'hardness' or stability of a magnetization. Minerals 
with a low coercivity (soft magnetization) are more easily affected by magnetic fields 
than minerals with a high coercivity (hard magnetization). The coercivity is either 
determined by -+ IRM acquisition experiments or -+ hysteresis measurements. 

CRM: chemical remanent magnetization. Spontaneously formed remanent 
magnetization within ferro /ferrimagnetic (-+ magnetite, -+ greigite) oder anti
ferromagnetic (-+ hematite, -+ goethite) minerals during growth in the presence 
of a magnetic field. Regions (domains) of parallelly oriented magnetic moments de
velop after reaching a critical volume. 

Declination: angle between the vector of the local geomagnetic field, or magneti
zation in a rock, and geographic North in the horizontal plane. Positively measured 
from North over East (0° to 360°). 

(early) Diagenesis: (bio-)chemical processes within (the pore water of) sediments 
at near surface conditions of temperature and pressure. Generally associated with 
dissolution or precipitation of minerals due to disequilibrium of dissolved matter 
(gases, molecules, elements, ions, ... ). 

DRM: detrititaljdepositional remanent magnetization. Magnetic particles 
carrying a magnetic moment get aligned parallel to the ambient geomagnetic field 
during settlement within the water column. They are fixed in this orientation by 
the sediment matrix immediately or shortly after deposition (post-DRM or pDRM). 
The intensity of a DRM is proportional to the concentration of the magnetic parti
cles and, within certain limits, to the strength of the ambient geomagnetic field. It 
also depends on the grain size distribution of the magnetic particles, with smaller 
(larger) particles yielding higher (lower) intensities. 

Goethite: antiferromagnetic mineral (0: - FeOOH or Fe2 0s· H 2 0), typical 
post-genetic weathering product (-+ CRM). 
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Greigite: ferrimagnetic mineral (FeS S4), typical post-sedimentary /-+ early diage
netic mineral in zones of incomplete pyritization; autigenic, biogenic (intracellular: 
magnetosom) or biogenically induced (extracellular) formation (-+ CRM). 

Hematite: antiferromagnetic mineral (a - Fe2 0s) mainly of magmatic origin (-+ 
TRM), but also formed authigenically, e.g. during dehydration of Goethite above 
ca. 300° C, then carrying a -+ CRM. 

Hysteresis measurements: Measurement of induced and remanent magnetiza
tions versus magnetizing field, continuously ramped between high amplitudes of 
both signs. The intersection points of the resulting curves with the field and mag
netization axes, respectively, give information about the -+ coercivity (magnetic 
hardness or stability) of the measured sample. 

Inclination: angle between the vector of the local geomagnetic field, or magneti
zation in a rock, and the horizontal plane. Positively measured downward (-90° to 
+90°). 

IRM: isothermal remanent magnetization: artificially imprinted magnetiza
tion using static magnetic fields of increasing (high) amplitudes. General measure of 
concentration of magnetic particles. Mainly larger magnetic particles (> l!lm) are 
affected. Shape of acquisition curve, that is, level of field when saturation is reached 
(SIRM), is indicative of magnetic coercivitiy and thus magntic composition. Allows 
discrimination between soft (-+ magnetite, -+ greigite) and hard (-+ hematite, 
-+ goethite) magnetic minerals. 

1CLF: (low field) magnetic volume susceptibility. Factor between an induced 
magnetization and the inducing magnetic field (of low amplitude), generally given 
in multiples of 10-6 ; without unit because magnetization and magnetic field have the 
same unit (Am-I). General measure of concentration of ferro/ferrimagnetic parti
cles (KLF ~ 0), with preferences for larger particles. Also affected by non-magnetic, 
that is, diamagnetic (KLF < 0) and paramagnetic (KLF > 0) minerals, unable to 
carry any kind of a remanent magnetization (-+ TRM or -+ CRM). 

1CARM: anhysteretic susceptibility. Intensity of -+ ARM divided by the amplitude 
of the static field used during its acquisition. 

1CARM/1CLF. anhysteretic susceptibility. (-+ 1CARM) divided by (low field) mag
netic volume susceptibility (-+ 1CLF). The ratio is indicative of (relative) grain 
size changes in magnetite-dominated rocks/sediments. Higher ratios (20-40) indi
cate fine-grained magnetite (0.01-0.1!l m), low ratios (0.1-1) indicate coarse-grained 
magnetite (10-100 !lm). 

magnetic susceptibility: -+ 1CLF. 
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NRM: natural remanent magnetization. The magnetization of sediments/rocks 
acquired in a natural magnetizing process (-+ TRM, -+ CRM, -+ DRM). Its in
tensity depends on the concentration and grain size of magnetic minerals and, to a 
certain extend depending on the type of magnetization, the strength of the ambient 
geomagnetic field. 

Paleointensity: geomagnetic field strength in the geological past; (relative) vari
ations of the paleointensity throughout time can serve as a correlation tool and, if 
dated, also as a dating tool. Relative paleointensity records from sediment sequences 
are obtained by normalizing their -+ NRM intensity with a concentration related 
parameter, such as -+ JeLF, -+ ARM, or -+ SIRM. Periods are in the order of 
103 to 104 years. Paleointensity variations appear to be of global significance and 
therefore should be related mainly to the dipolar component of the geomagnetic 
field. 

Paleosecular variation: Directional variations, that is, directional deviation from 
the pure dipole direction at a certain site. Periods are in the order of 102 to 103 

years and amplitudes are in the range of ±20° to 300 for -+ inclination and -+ 
declination. These variations are associated with the non-dipolar component of the 
geomagentic field and are therefore only of regional significance. 

reductive dissolution: -+ Diagenesis 

SIRM: saturated -+ IRM. 

TRM: thermoremanent magnetization. Spontaneously formed remanent mag
netization within ferro/ferrimagnetic (-+ magnetite) or anti-ferromagnetic (-+ 
hematite) minerals after cooling below a critical temperature (ferromagnetic: Curie 
temperature, To; anti-ferromagnetic: Neel temperature, TN) in the presence of a 
magnetic field. Regions or domains of (anti-) parallelly oriented magnetic moments 
develop only in particles larger than a certain size. The intensity of a TRM is pro
portional to the concentration of the magnetic particles and, within certain limits, 
to the strength of the ambient geomagnetic field. 
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Internal Climate Variability in Global and 
Regional Climate Models 

Dorthe Randorf, Wolfgang Dorn, Klaus Dethloff, Annette Rinke, and Antje 
Weisheimer 

Summary. Internally generated climate variability on decadal to centennial time 
scales was studied with a hierarchy of climate models, including global as well as 
regional models. The analyses of long-term model integrations over 1000 years with 
global models of different complexity showed their potential to generate interannual 
to interdecadal variability without external forcing. Furthermore, the capability of 
the different models to simulate similar atmospheric flow regimes as the real at
mosphere was examined with main emphasis on the Northern Hemisphere. These 
studies revealed similar atmospheric flow regimes as observed (e.g., North Atlantic 
Oscillation (NAO), Pacific North-America pattern (PNA)), and provided some evi
dence for multimodal regime behaviour for coupled models. 

By the use of the regional model, Arctic climate changes associated with large
scale atmospheric circulation changes and their implications for the interpretation 
of palaeoclimatic data were analyzed in detail. It was shown that a broadly warm 
or cold Arctic climate is connected with two distinct circulation regimes of the 
Arctic atmosphere, characterized by different positions and extensions of the mean 
tropospheric vortex. In conjunction with the phases of the NAO, significant regional 
climate changes occur over northern Europe, the North Atlantic and Greenland. 
However, the simulated interannual variability of winter precipitation, for example 
over Greenland, is very strong and results in a low correlation between the NAO 
index and the Greenland precipitation. Hence, a reconstruction of the historic NAO 
index from Greenland ice accumulation rates implies large uncertainties. 

21.1 Introduction 

One of the crucial points in the recent discussions on anthropogenic induced 
climate changes is a confident evaluation and distinction between externally 
forced and internally generated climate variability. Limitations to improve 
our understanding of climate variability are the scarcity of statistically suf
ficient long observational data series and the coarse temporal and horizontal 
resolution of palaeo-climatic proxy data. Furthermore, data from all sources 
always contain the mutual information about internal and external climate 
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variations. Nevertheless, the starting point for studies of low-frequency cli
mate variability from intraseasonal and interannual to decadal and centennial 
time scales are observational data. 

From analyses of atmospheric observations it is known that atmospheric 
variability is characterized by a few preferred, recurrent large-scale flow pat
terns which occur at fixed geographical regions. Therefore, the concept of 
planetary or hemispheric flow regimes has been developed to connect these 
observations with atmospheric dynamics. In the framework of this concept, 
low-frequency climate variability can arise due to transitions between the dis
tinct atmospheric regimes and is manifested, primarily, in terms of changes in 
the frequency of occurrence of the preferred circulation regimes [800). 

Theoretical studies give evidence that regimes are connected with the be
haviour of the atmospheric large-scale attractor. Thus, the regimes can be 
interpreted as quasi-stationary states of a system with multiple equilibria or 
as metastable fixed points in a system with a strange attractor. On the basis 
of conceptual chaotic dynamical systems, Palmer [800) studied the response of 
the low-order nonlinear Lorenz system [641) to a weak imposed external forc
ing, and drew the conclusion that also in the real climate system the response 
patterns to any weak external forcing can in principle project onto natural 
variability pattern. Thus, the understanding of the structure of these intrinsic 
patterns of variability is of fundamental importance. 

The dynamical paradigm is supported by Corti et al. [193) on the basis of 
atmospheric circulation data of the Northern Hemisphere. During the last 40 
years, when the atmosphere has been strongly influenced by increasing green
house gases, the probability density of the preferred tropospheric circulation 
regimes has changed, although the spatial patterns stayed the same. Corti et 
al. [193) concluded that the observed tropospheric warming of the Northern 
Hemisphere could not a priori be linked to any anthropogenic forcing pattern, 
but manifested itself in a changing frequency of occurrence of preferred circu
lation regimes. These authors have proven a strongly enhanced frequency of 
the Cold Ocean Warm Land (COWL) pattern. 

A large number of studies have demonstrated the ability of general cir
culation models (GCMs) to simulate large-scale atmospheric flow patterns 
and transitions between different phases of the associated oscillations. Still it 
must be clarified whether complex GCMs are also able to simulate the cor
rect frequency distribution of the flow regimes and realistic changes of the 
frequency distribution in response to altered external forcings. An answer to 
this question is crucial for reliable assessments of the future climate, since the 
detection and prediction of climate changes are largely based on modelling 
studies with complex GCMs. One recent study, contributing to this question, 
has been performed by Monahan et al. [730). The authors determined the 
optimal nonlinear approximation to data produced by long-term runs of a 
coupled atmosphere-ocean GCM. A prescribed increased CO2 forcing results 
in changes of the occupation statistics and thus is broadly consistent with the 
above-mentioned perspective. 
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The present paper contributes to the questions outlined by studying the 
natural variability ofthe tropospheric regime behaviour in the Northern Hemi
sphere, using 1000-year-Iong unforced control integrations of two coupled 
atmosphere-ocean GCMs. Following Corti et al. [193], natural hemispheric
scale circulation regimes will be examined in order to find out if the different 
models are able to simulate similar atmospheric regimes. Furthermore, the 
structure and variability of modelled regimes of the atmospheric circulation 
will be studied. 

In connection with the evaluation of the future climate, the regional impli
cations of changes of large-scale circulation patterns are of prime importance. 
Folland et al. [320] have noted in the recent report of the Intergovernmental 
Panel on Climate Change that over the past decades larger climate changes 
have occurred over the extra-tropical Northern Hemisphere continents than in 
other regions of the world, particularly during the cold season. These changes 
are related in part to changes of the large-scale circulation, primarily to the 
high-index phase of the North Atlantic Oscillation which appears since the 
early 1980s. 

Moreover, scenario runs of global climate models consistently predict, as 
a result of increasing greenhouse gases, the worldwide strongest warming 
over the northern polar regions (e.g., [441], [1019], [897], [1115]). But the re
sults from different models disagree concerning both the magnitude of climate 
changes and the regional aspects of these changes. Nevertheless, the Arctic 
is a region where future climate changes are likely to be largest throughout 
the world. A precise knowledge about future Arctic climate changes becomes 
more important in consideration of the fact that typical Arctic processes (e.g., 
the extent of sea-ice or the import of freshwater into the Arctic Ocean) are, 
in turn, very important for the evolution of the global climate. 

Comparison studies on the performance of global climate models in polar 
latitudes have shown that different models produce large variations in the sim
ulation of the Arctic climate (e.g., [159], [1037]). These discrepancies appear 
in consequence of inadequacies in the parametrization of physical processes 
and the rather coarse horizontal resolution of global models [212], [880]. A 
high-resolution regional climate model is a powerful tool for improving the 
simulation of regional effects of the Arctic climate as a result of finer resolved 
orography and land-sea contrast, better resolved nonlinear interactions be-:
tween the large-scale and smaller scales, improved simulations of hydrody
namic instability processes and synoptic cyclones, and improved description 
of hydrological and precipitation processes (e.g., [669], [379], [768], [878]). For 
this reason, a regional atmospheric climate model has been used to estimate 
magnitudes and regional aspects of Arctic climate variations connected with 
changes in the circulation regime. The results can be used for an assessment of 
palaeo-climatic data with respect to the circulation regime and could help to 
reconstruct the historic circulation by the knowledge of the regime associated 
characteristic distribution of high-resolved Arctic climate parameters. 
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21.2 Most Dominant Patterns of Climate Variability in 
Climate Models of Different Complexity 

In order to study the internal variability of the climate models of different 
complexity the spatio-temporal structure of the mid-tropospheric flow has 
been analyzed from control simulations over 1000 years with constant exter
nal forcings,except the inclusion of the daily and yearly cycle of insolation. 
The utilized models are an atmospheric quasi-geostrophic low order model 
(QG-LOM) [1145] and two coupled atmospherEM>cean GCMs. 

The atmospheric QG-LOM [1145], [1147] is based on the set of quasi
geostrophic equations which form a reasonable approximation of extra-tropical 
large-scale flows. The atmosphere is supposed to consist of three layers of equal 
mass. The horizontal resolution is variable, and integrations with spectral 
truncations up to T15 ('" 7.5° x 7.5°) have been carried out. Furthermore, 
idealized thermal and orographic forcings at the lower and upper boundaries 
have been implemented in such a way that distinctive atmospheric features of 
the time mean extra-tropical large-scale flow during north-hemispheric winter 
conditions are reproduced. 

The GCMs are the coupled models ECHAM3/LSG [1116] and ECHO-G 
[608]. The first consists of the atmospheric GCM ECHAM3 [896] and the 
large-scale geostrophic ocean model LSG [678]. It is based on the full set of 
the atmospheric primitive equations. Processes as radiation, clouds, precipi
tation, convection and diffusion have been parameterized. The vertical reso
lution of the atmosphere is given by 19 layers reaching from the ground up to 
10 hPa. The horizontal spectral resolution of T21 corresponds to a Gaussian 
grid of'" 5.6° x 5.6°. The ocean GCM LSG is based on the primitive equations 
appropriate for large-scale geostrophic motion, and incorporates a thermody
namic sea-ice model. It includes 11 vertical layers, and a horizontal resolution 
of'" 4° x 4°. Aspects of the interdecadal variability of the performed control 
integration have been analyzed by e.g. Timmermann et al. [1067] and Perlwitz 
et al. [815]. 

The other GCM, ECHO-G, consists of the atmospheric GCM ECHAM4 
[895] and the global version of the Hamburg Ocean Primitive Equation GCM 
HOPE-G [1167]. In comparison with ECHAM3 the atmospheric module has 
been improved with regard to the physical parameterizations. A control. run 
has been carried out with a horizontal resolution of T30 ('" 3.75° x 3.75°). The 
oceanic GCM includes 20 vertical layers and has a horizontal resolution of T42 
('" 2.8° x 2.8°) with further refinement in the equatorial region. Furthermore, 
it incorporates a dynamic-thermodynamic sea-ice model with snow cover. For 
long-term runs both models require a flux correction to avoid an unrealistic 
climate drift of the coupled systems. The model runs of the GCMs have been 
carried out at the Deutsches Klimarechenzentrum (DKRZ). 

An empirical orthogonal function analysis (EOF, see, e.g., [841]), applied 
to the flow of the free atmosphere, yields insight into the spatial and tem
poral structures of the atmospheric circulation. The EOF patterns have been 
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determined on the basis of monthly mean winter (DJF) data of the mid
tropospheric fields of the streamfunction (QG-LOM) and the geopotential 
height (both GeMs) at 500hPa for the 1000-year control simulation. The two 
most dominant spatial patterns of variability are shown in the upper parts of 
Figs. 21.1 and 21.2. In the following we only present results for the Northern 
Hemisphere where the flow patterns are more pronounced. 
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Fig. 21.1. Upper panels: Structure of the first empirical orthogonal functions 
(EOFs) of monthly mean winter (DJF) data from 1000-year long model integration. 
Left: QG-LOM (streamfunction at 500 hPa), EOF1 (in 106m2S- 1 ) explains 37% of 
total variance. Middle: Complex coupled GCM ECHAM3/LSG (geopotential height 
at 500 hPa) . EOF1 (in gpm) explains 28% oftotal variance. Right: Complex coupled 
GCM ECHO-G (geopotential height at 500 hPa) . EOF1 (in gpm) explains 27% of 
total variance. Lower panels: Results of wavelet transformation , performed with the 
Morlet wavelet, of time series of the corresponding temporal behaviour (first princi
pal component, PC1) . The panels present local wavelet power spectra. The contours 
are at normalized variances of 1, 2, 4, 6, 8 and 12. At both ends, dash-dotted lines 
separate regions where edge effects become important. The thick contour envelopes 
areas of greater than 95% confidence for a corresponding red noise process. 

The dominant patterns of the QG-LOM are characterized by regional scale 
features with pronounced meridional flow components. These patterns, ex
plaining 37% and 16.4% of total variance, resemble wave trains. Wave trains 
are excited by local topographic maxima at 00 and 1800 longitude and are 
oriented along great circles on the sphere (see [1147] for further discussion). 
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Fig. 21.2. Same as in Fig. 21.1, but for the second EOF IPC. EOF2 explains 16.4% 
(QG-LOM), 12% (ECHAM3/LSG) and 11% (ECHO- G), respectively, of total vari
ance. 

Wave trains are well-known features of the observed atmosphere and bear 
resemblance to teleconnection patterns [1126). It should be mentioned that 
the shape of individual troughs and ridges, belonging to the wave trains in 
the model, is rather meridionally elongated compared to both the real atmo
sphere [1126) and simulations by other simplified models (e.g., [694), [192)), 
probably due to the shape of the simplified orography. 

The GCMs reveal as most dominant patterns (see EOF 1 in Fig. 21.1) 
quasi-zonally symmetric annular structures similar to the observed Arctic 
Oscillation (AO) [1058). These patterns explain 28% (ECHAM3/LSG) and 
27% (ECHO-G) of total variance, whereas the second EOFs explain 12% 
(ECHAM3/LSG) and 11% (ECHO-G) . For the ECHAM3/LSG model, the 
second EOF (12%) is characterized by the North Atlantic Oscillation (NAO) 
and a polar dipole. The structure for the ECHO-G model , however, shows 
the Pacific/North American pattern (PNA). These patterns are similar to 
the main spatial EOFs of the observational field of geopotential height at 
500 hPa, calculated from reanalysis data provided by the National Center for 
Environmental Prediction (not shown). The first EOF also reveals an AO
like structure, explaining 24% of total variance, whereas the second pattern 
(12.3%) shows wave trains over North America, similar to the PNA, and over 
the European-North Atlantic area. 
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In order to analyze the temporal behaviour of the dominant spatial 
patterns, the time series of the corresponding principal components have 
been subjected to a continuous wavelet transformation. This method (see, 
e.g., [565]) allows the determination of dominant periods as well as their 
time of occurrence, and gives more insight into the instationary behaviour 
of time series. The used software is provided by Torrence and Compo [1070] 
and is available via URL http://paos.colorado.edu/research/wavelets/. In the 
lower part of Figs. 21.1 and 21.2, the local wavelet power spectra depict well
pronounced variability at interannual, decadal and interdecadal time scales. 
The most striking feature for all models is the intermittent behaviour, i.e. fre
quent, unordered changes between active and inactive phases with maximum 
amplitude at all displayed periods from 2 to 100 years. 

In this section we have demonstrated the ability of climate models of differ
ent complexity to simulate typical large-scale atmospheric flow patterns and 
to generate interannual, decadal and interdecadal variability without external 
forcing. By comparison of the results for the models of different complexity 
we can conclude that a good representation of the nonlinear dynamics of the 
large scale flow is essential for the internally generated climate variability. 
Even simplified nonlinear atmospheriC models are a useful tool for studying 
the principal mechanisms of climate variability. However a realistic represen
tation of the orographic and thermal forcing at the lower boundary of the 
atmosphere is required to simulate similar atmospheric flow patterns as ob
served. 

Considering the concept of planetary flow regimes, the low-frequency vari
ability can be understood in terms of the transitions between distinct atmo
spheric regimes, and will be manifested primarily by frequency changes of the 
preferred circulation regimes. Whether this concept is supported by climate 
simulations and could help to clarify our understanding of internally generated 
climate variability, will be studied in the next section. 

21.3 Structure and Variability of Atmospheric 
Circulation Regimes in Coupled Climate Models 

The analysis of observed atmospheric circulation data by Corti et al. [193] 
has given clear hints that climate variability can arise due to changes in the 
frequency of occurrence of preferred atmospheric circulation regimes. In this 
section we consider the question, if coupled atmospherEMlcean GCMs have the 
potential to simulate natural atmospheric circulation regimes. This study is 
based on the results of the above described lOOO-year long control integrations 
of the GCMs ECHAM3/LSG and ECHO-G and concentrates on the more 
pronounced flow patterns of the Northern Hemisphere. 
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21.3.1 Method of Determination of Atmospheric Circulation 
Regimes 

The monthly mean winter (DJF) data of the geopotential height at 500 hPa 
have been analyzed in order to determine the main Northern Hemispheric tro
pospheric circulation regimes. To facilitate the comparison with observational 
findings, we applied the same data processing as in [193] and have defined 
hemispheric-scale circulation regimes as cluster anomalies corresponding to 
local density maxima in a low-dimensional state space. 

The data processing comprises the following steps. Firstly, monthly anoma
lies have been calculated by removing the mean seasonal cycle. Secondly, the 
data have been detrended by using deviations from a 5-year running mean. 
EOF patterns have been calculated on the basis of the detrended data. All 
subsequent studies on circulation regimes have been performed in the two
dimensional reduced sub-space, spanned by EOFI and EOF2. The correspond
ing projection time series (principal components; PC) of the first two EOFs, 
obtained by projection of the non-detrended data onto these EOF patterns, 
form the state variables of the reduced sub-space. 

As a first step in quantifying the local density of points in the state space 
by means of the probability density function (PDF), it is straightforward to 
prove the hypothesis of multinormal distribution of the state variables. Multi
normality requires as a necessary, but not sufficient condition the univariate 
normal distribution of the single state. This can be proven by the Kolmogorov
Smirnov test modified after Lilliefors [618]. In order to test departures of a 
multivariate distribution from Gaussianity the probability plotting technique 
(quantile-quantile plot or qq-plot, e.g., [434]) has been applied. The empiri
cal quantiles of the standardized variable (Mahalanobis distances) are plotted 
against quantiles of the multivariate standard normal distribution. Deviations 
from a normal distribution result in departures from a 1:1 line. The 90% con
fidence levels of fluctuations around the 1:1 qq-slope have been determined 
from 1000 Monte Carlo simulations of normal distributed data with the same 
sample length as the model data. 

In order to define circulation regimes, the probability density function 
(PDF) of the reduced sub-space has been calculated with a Gaussian kernel 
estimator [971]. For this kind of computation, the number of maxima of the 
PDF strongly depends on the smoothing parameter h. Therefore, the question, 
if the state space has a uni- or multimodal structure, has been answered by 
means of a hierarchical smoothed bootstrap test on multimodality according 
to Silverman [970]. As a first step, this test involves the determination of 
critical values of the smoothing parameter hk from the data in the sense that 
hk is the smallest value of h that gives k modes. For testing the null hypothesis 
'the distribution has k modes' against the alternative of 'k+ 1 modes', one has 
to decide whether the value of hk is significantly large in comparison with the 
corresponding values for random samples of the same distribution as the data. 
The significance level of hk is estimated by the proportion of those bootstrap 



21 Internal Climate Variability in Global and Regional Climate Models 373 

generated data sets for which the PDF, calculated with a smoothing parameter 
of hk' has more than k modes. In the following, all significance levels have been 
determined by using 1000 bootstrap samples. 

21.3.2 Analysis of Simulations Over 1000 Years 

QI 
v 
C 

'" 

20 - 1:1 line 
- 90 % confidence 

ECHAM 

~ 15 - - - ECHOG 

2 4 6 10 12 14 16 

Fig. 21.3. qq-plot for testing the 1000-year bivariate model data on Gaussianity. 
The plotted Mahalanobis distances have been calculated for 3000 monthly averaged 
winter PC data. 

Considering the total WOO-year long integrations, the PDFs have been 
tested on departures from Gaussianity using the qq-plot technique. Figure 
21.3 shows the qq-plots for both GCMs along with the 1:1 line and the 90% 
confidence level of a bivariate normal distributed sample. Taking into account 
that graphical test methods are in principle not as strict as analytical test 
methods, deviations from Gaussianity can be found for both models with a 
Significance level of 90%, despite the fact that they are not considerably large. 
This finding is supported by Significant deviations from univariate Gaussian 
distributions of the single projection coefficients using the Lilliefors-test. The 
hierarchical bootstrap test on multimodality does not reveal multimodality 
for any model. 

21.3.3 Analysis of 100-year Segments 

To investigate the temporal evolution and to make the length of the considered 
data more comparable to the length of the analyzed observations, the time 
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series of the PCs have been divided into 10 non-overlapping segments of 100-
year length. Both, the Lilliefors-test for the univariate single state variables as 
well as the qq-plots lead to the rejection of the null hypothesis of multinormal 
distribution for each segment. In contrast to the PDF of the full 1000-year 
integration, the null hypothesis of unimodal distribution can be accepted for 
most, but not for all segments. Here, the results of the corresponding statis
tical tests are reported using the p-values. The p-value provides an objective 
measure to the strength of evidence which the data supplies to favour the null 
hypothesis. The test on multimodality has given p-values smaller than 0.1 for 
2 segments of the ECHAM3/LSG run and for 1 segment of the ECHO-G run, 
so that the null hypothesis of unimodality can be rejected with 90% confi
dence for these segments. p-values smaller than 0.2 have been estimated for 4 
segments of the ECHAM3/LSG run and for 3 segments of the ECHO-G run. 
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Fig. 21.4. Multimodal structure for the first 100-year segment of the 
ECHAM3/LSG simulation. Left: Probability density function (PDF) of the reduced 
two-dimensional state space spanned by detrended EOFI and EOF2 of the whole 
1000 year simulation. PCI and PC2 indicate the projection coefficients of 500 hPa 
geopotential height data onto EOFI and EOF2, respectively. Middle and right: Mean 
pattern of 500 hPa geopotential height anomalies (in gpm) of those years belonging 
to cluster I and cluster 2, respectively, as indicated in the top panel. 

Figure 21.4 shows the two-dimensional PDF of the first 100-year segment 
as an example for the bimodality in the ECHAM3/LSG. The peaks in the 
PDF indicate the existence of at least two well-separated regimes. For fur
ther investigations, only the most frequent regimes have been considered by 
defining threshold values relative to the absolute maximum ofthe PDF. Thus, 
sufficiently large cluster sizes have been ensured. For the first segment of the 
ECHAM3/LSG simulation, this results in two distinct clusters, labelled in 
Fig. 21.4. The corresponding mean 500 hPa geopotential height anomaly fields 
(Fig. 21.4) bear resemblance to well-known teleconnection patterns. Cluster 
1 reminds one of the Cold Ocean Warm Land (COWL) pattern. The most 
striking features of cluster 2 are the NAO in its negative phase and a polar 
dipole similar to EOF2. 
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For the ECHO-G run, Fig. 21.5 displays the bimodal PDF in the 8th 
100-year segment. Here, the cluster anomaly field, corresponding to the first 
regime, is mainly characterized by a wave train from the North Atlantic into 
the Arctic with a strong N AO-like dipole leading to an enhanced zonal flow 
over the mid-latitude North Atlantic. Cluster 2 reveals wave trains as well, 
one over the North Atlantic and another one over the North American and 
Pacific region, which resembles the PNA. 
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Fig. 21.5. Same as in Fig. 21.4, but displaying the multimodal structure for the 
eighth lOO-year segment of the ECHO-simulation. 

Our studies have shown that the probability density functions in the re
duced state space deviate Significantly from a Gaussian distribution for the 
coupled atmosphere-ocean GCMs. Furthermore, the analyses yield evidently 
unimodal PDFs for the whole 1000-year integrations, but the null hypothesis 
of unimodality has to be rejected for several 100-year segments. With rather 
great confidence of 80%, four bimodal segments have been identified for the 
ECHAM3/LSG and three bimodal segments for the ECHO- G. Because the 
probability for rejecting the null hypothesis four (three) times or more in a 
suite of ten tests is 0.12 (0.32) under the assumptions of the null hypothesis 
and a significance level of 0.8 of the single test, our test results give some 
evidence on multimodal regime behaviour for both models. 

If we compare our results with the findings in [193], we have to take into 
account, that their PDF calculation has been done with an adaptive kernel 
method (see [971]). This method leads to more pronounced maxima in the 
middle of the distribution, whereas the edge of the distribution becomes more 
smooth. As far as we know, there exist no statistical tests on multimodality 
for this method. However, if we apply the same procedure of PDF estimation, 
used for the GCM outputs, to the NCEP data, only little support for the 
existence of two regimes can be found. 

To summarize, the question, whether the GCM models reproduce the va
riety of observed anomaly patterns, cannot be answered definitely. But never
theless , our results do not allow to accept the null hypothesis of unimodality 
generally, but give some hints on multimodal regime behaviour in coupled 
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atmosphere-ocean GCMs. The corresponding cluster anomaly fields resem
ble characteristic teleconnection patterns similar to COWL, PNA and NAO. 
How changes of the regional circulation patterns and hence regional climate 
changes will be related to regime changes of the large-scale circulation will be 
studied in the next section for the Arctic region. 

21.4 Regionalisation of Characteristic Climate Regimes 
in the Arctic 

In this section, results of Arctic climate simulations with the regional atmo
spheric climate model HIRHAM4 [162], [237] are shown. The regional model 
comprises an integration domain north of 65°N with 110 by 100 grid points 
in a horizontal resolution of 0.5° by 0.5°, corresponding to grid elements of 
approximately 50km by 50km. The vertical resolution is given by 19 irregu
larly spaced levels in hybrid sigma-pressure-coordinates from the surface up 
to 10hPa with the highest resolution in the planetary boundary layer (approx. 
five levels). 

At the lateral and lower boundaries the regional model has been forced 
with data from a control run of the most sophisticated, state-of-the-art GCM 
ECHO-G (see Sect. 21.2). This run was carried out for 600 years with pre
scribed constant external forcing according to the conditions of the year 1990. 
Therefore, it includes only climate variations caused by internal fluctuations 
in the atmosphere-ocean-ice system. The simulation of the atmospheric cir
culation was carried out at T30 resolution, corresponding to an approximate 
horizontal grid point distance of 3.75°. This results in a global grid of 96 by 48 
grid points with 672 grid points located north of 65°N. In comparison to the 
11,000grid points in the integration domain of HIRHAM4, this is a 16 times 
more coarse-meshed horizontal resolution, whereas the vertical resolution as 
well as the physical parameterizations are the same in both models. 

21.4.1 Warm and Cold Arctic Circulation Regimes 

The ECHO-G simulation is analyzed for periods of several years, whose Arctic 
climate conditions are predominantly warm or cold. Pronounced variations in 
the Arctic monthly mean 2 m air temperature in January of up to 8 K appear 
in the ECHO-G simulation. These modelled temperature variations are in a 
rather good agreement with the observed variations of Arctic temperatures 
as seen in reanalysis data. For the regionalisation of the Arctic winter climate 
with HIRHAM4 two warm and two cold 6 year periods were selected. The 
difference of the averaged Arctic 2 m air temperature in January between 
these warm and cold periods is almost 3 K, although there are a few Januaries 
with medial temperatures in warm as well as in cold periods. 
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Figure 21.6 shows the mean 500-1000hPa thickness together with the 
mean 500 hPa geopotential height for the warm and cold Januaries as a re
sult of the HIRHAM4 simulations. The layer thickness between the pressure 
levels 500hPa and 1000hPa represents the mean (virtual) temperature be
tween these levels. In comparison to the warm Januaries, the cold Januaries 
are characterized by lower thicknesses and, therefore, lower temperatures over 
the eastern Arctic and Alaska. Associated with these differences in the tem
perature distribution, there are different locations and extensions of the mean 
tropospheric vortex. In warm Januaries the vortex is centered on the western 
side of the Arctic over the Canadian archipelago, whereas in cold Januaries 
the vortex is more expanded and centered on the eastern side of the Arctic 
over the Kara and Laptev Seas. 
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Fig. 21.6. Mean 500-1000 hPa thickness in gpm (grey scales) and mean 500 hPa 
geopotential height in gpm (dashed lines, contour interval 50gpm) of 12 warm Jan
uaries (a) and 12 cold Januaries (b) from simulations with the regional atmospheric 
climate model HIRHAM4. The solid black lines represent the coastlines. 

The regional differences between warm and cold Januaries of the mean 2 m 
air temperature and the mean precipitation are presented in Fig. 21.7. The 
warm Januaries show up to 9 K higher temperatures in those regions where a 
lower sea-ice cover appears (see [252]). In northern Russia, Scandinavia, and 
Alaska warm Januaries are more than 2 K warmer compared to cold Januaries. 
Lower temperatures only occur over the Canadian archipelago and can be 
related to the stronger tropospheric vortex in warm Januaries. Associated 
with higher temperatures, more precipitation occurs over Alaska, the Labrador 
Sea, and north-western Europe as well as in an area from southern Greenland 
across the Greenland Sea to the central Arctic Ocean. The latter is strongly 
connected with a higher frequency of synoptic cyclones, which move from the 
Icelandic low area into the central Arctic. 

The differences of the Arctic circulation and temperature distribution in
dicate that a general warm or cold Arctic winter climate can be interpreted as 
a natural warm or cold Arctic circulation regime. The occurrence of the warm 
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(a) 2 m temperature difference (b ) Precipitation difference 
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Fig. 21.7. Mean differences of the 2m air temperature inK (a) and the monthly 
precipitation sum in mm (b) between 12 warm and 12 cold Januaries from simu
lations with the regional atmospheric climate model HIRHAM4. The dashed black 
lines represent the zero lines and the solid black lines represent the coastlines. 

or the cold regime could be triggered by variations of the location and strength 
of the mid-latitude westerlies, which overflow the northern Rocky Mountains 
and force planetary waves, resulting in an upper trough downstream over the 
Canadian archipelago [221], [786], [253]. The strength of the trough above the 
Canadian archipelago influences the genesis and steering of Atlantic cyclones 
and affects the meridional heat and moisture transport into the inner Arc
tic. A stronger trough tends to enhance the cyclone frequency over the North 
Atlantic and the central Arctic and increases simultaneously the poleward at
mospheric heat and moisture transport [252]. In the case of a weak trough, 
the relatively cold and dry air in the central eastern Arctic is more separated 
from the temperate mid-latitude air, whereby the formation of an extensive 
cold vortex centered over the eastern Arctic will be favored. The vortex acts, 
in turn, as a barrier for cyclones, and this encourages the persistence of the 
cold-air center. Moreover, Arctic temperatures establish meridional pressure 
gradients and influence the mid-latitude circulation [786]. However, owing to 
the complex feedback mechanism between the Arctic temperatures and the 
tropospheric vortex, it is not definite if one of these features responds to the 
other. 

The existence of the regimes will only be caused by internal variability 
in the atmosphere-ocean-ice system and could be an expression of a natural 
mode of the Arctic atmosphere, which occurs independently from the well
known North Atlantic Oscillation (see following Subsect.). An interpretation 
of palaeo-climatic data or future climate changes must take this regional in
ternal variability of the Arctic climate into account, especially since climate 
changes can be interpreted in terms of changes in the frequency of occur
rence of natural atmospheric circulation regimes [193]. Consequently, Arctic 
climate changes may be more directly related to regime changes than to any 
other forcing. 
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21.4.2 Positive and Negative Phases of the NAO 

In addition to the investigation of warm and cold Arctic circulation regimes, 
the North Atlantic Oscillation (NAO) in the ECHO-G control run was an
alyzed. The N AO refers to a meridional oscillation in atmospheric mass and 
is characterized by antipodal pressure anomalies in the areas of the Icelandic 
low and the Azores high (e.g., [489)). The NAO is most pronounced during 
winter and, due to the meridional pressure gradient changes over the North 
Atlantic, associated with changes in the westerlies, which transport warm and 
humid air across the Atlantic onto Europe. The NAO pattern in the ECHO-G 
simulation as well as its variability roughly resemble the observed NAO. As in 
the case of warm and cold Arctic climate conditions, two positive and two neg
ative phases of the NAO, each consisting of 6 winters, were selected from the 
ECHO-G simulation to regionalise the Arctic winter climate with HIRHAM4. 
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Fig. 21.8. Mean differences of the sea level pressure in hPa (a), the 2 m air tem
perature in K (b), the seasonal precipitation sum in mm (c), and the normalized 
Greenland precipitation (d) between the positive and the negative phase of the NAO 
during winter (DJFM) from simulations with the regional atmospheric climate model 
HIRRAM4. The dashed black lines represent the zero lines and the solid black lines 
represent the coastlines. 
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Figure 21.8a presents the simulated sea level pressure difference between 
the positive and negative phase of the NAO. In the positive phase lower sea 
level pressure occurs in the whole Arctic, representing the typical atmospheric 
mass shift to mid-latitudes and subtropical regions. Especially over the North 
Atlantic and northern Europe strong distinctions in the sea level pressure 
are responsible for strong temperature and precipitation differences in the 
Atlantic-European boundary zone of the Arctic. 

The 2 m temperature differences between the positive and negative phase 
of the NAO are shown in Fig. 21.8b. Up to 6K higher winter temperatures 
occur in northern Europe during the positive phase. This temperature signal 
is stronger than the observed warming over the past twenty years at the same 
location (see, e.g., [489]), although the observational period is characterized 
by a high NAO index and increasing greenhouse gases. Because of the found 
strong influence of the NAO on Arctic temperatures, reconstructed winter 
temperature changes of about 5 K from palaeo-climatic archives of northern 
Europe could possibly represent a NAO related internal climate variability. 

Figure 21.8c shows the precipitation difference between the positive and 
negative phase of the NAO. Similarly to the strong temperature differences, 
there are strong precipitation differences over northern Europe, but also over 
the North Atlantic and Greenland. Dethloff et al. [239] have shown that there 
is a rather good agreement between the simulated Greenland precipitation of 
HIRHAM4 and the reconstructed precipitation from Greenland ice cores (the 
ice accumulation is nearly equal to precipitation over most of the ice sheet). In 
order to emphasize the influence of the NAO on Greenland precipitation, the 
differences of the seasonal precipitation sum were normalized with the mean 
standard deviations of the precipitation from the positive and the negative 
phases. The result is presented in Fig. 21.8d and shows clearly the different 
behaviour of precipitation regarding the NAO on the western and eastern side 
of northern Greenland. The precipitation over north-western and southern 
Greenland as well as the total precipitation over Greenland is higher during 
phases with low NAO index. This simulation result is in qualitatively good 
agreement with other studies [30], [136]. 

However, the simulated interannual variability of winter precipitation is 
very strong, resulting in high standard deviations and, therefore, low absolute 
values of the normalized precipitation difference. This means that in most 
regions of Greenland the winter precipitation is more strongly influenced by 
interannual variability than by the NAO (indicated by absolute values lower 
than one in Fig. 21.8d). Moreover, the correlation coefficients between the 
NAO index and the precipitation show absolute values lower than 0.35 at 
each grid point of Greenland (see [252]). Concluding, we must suppose that 
a reconstruction of the historic NAO index from Greenland ice accumulation 
rates, as suggested by Appenzeller et al. [30], implies large uncertainties and 
is on its own unsuitable to infer to the large-scale NAO pattern. A reliable 
reconstruction of the NAO has to be based on different proxy records from 
more than one region, for example on the basis of precipitation estimates 
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from Greenland ice cores in combination with corresponding estimates from 
northern European tree ring widths. 

21.5 Summary and Conclusions 

The low-frequency climate variability on decadal to centennial timescales is 
generated by the interactions of internal instability processes, feedback mech
anisms and external forcings. The presented studies were aimed to gain some 
more insights into the internally generated climate variability. Therefore, we 
studied the spatial and temporal variability patterns simulated by unforced 
control runs of climate models of different complexity. Each model was able to 
simulate typical large-scale atmospheric flow patterns and to generate inter
annual, decadal and interdecadal climate variations due to the nonlinear in
teractions between and within the climate subsystems atmosphere and ocean. 

In the framework of the concept of planetary flow regimes, this low
frequency variability can be connected with the transitions between distinct 
atmospheric regimes. Furthermore, climate changes will be displayed, in par
ticular, by frequency changes of the preferred circulation regimes. This leads 
to the hypothesis that the climate system can be described in terms of a 
multimodal probability density function (PDF). Our analyses of the PDF of 
the two-dimensional reduced state spaces of the coupled atmosphere--ocean 
GCMs support this hypothesis in some aspects: The analyses of the PDF of 
the reduced state space revealed significant deviations from a Gaussian distri
bution for the analyzed coupled atmosphere--ocean GCMs ECHAM3/LSG and 
ECHO-G. Nevertheless, our results do not allow to accept the null hypothesis 
of unimodality generally, but give hints on multimodal regime behaviour. The 
corresponding cluster anomaly fields resemble characteristic teleconnection 
patterns similar to COWL, PNA and NAO. 

A regionalisation of large-scale circulation changes has shown the great 
impact of these changes for the Arctic climate. A broadly warm or cold Arctic 
winter climate is connected with two different circulation regimes of the Arctic 
atmosphere induced by internal variability in the coupled atmosphere-ocean
ice system. The NAO mainly affects the Arctic climate over the Atlantic
European sector and over Greenland. The magnitudes of NAO related Arctic 
temperature changes are in part higher than the recently observed warming 
in the corresponding regions. In spite of the considerable climate changes in 
connection with the NAO, it is difficult to draw conclusions from local and 
regional climate variations to the large-scale NAO pattern due to a strong 
interannual variability of the Arctic climate. This could be a limitation for a 
reliable reconstruction of the historic NAO index from single palaeo-climatic 
records. 

Concluding, our results have indicated that internally generated climate 
variability can result in significant global and regional climate changes and 
has to be taken into account for the assessment of the historic climate. But, 
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until now, we are far away from a detailed understanding of all the under
lying processes. Therefore, we cannot definitely evaluate the goodness of the 
representation of the simulated long-term variability. Progress according to 
this subject can only be expected from studies with improved models from all 
rungs of the hierarchy of climate models together with a synthesis of model 
simulations and palaeo-climatic data. Thus, the approach which is utilized in 
the KIHZ framework, has the potential to lead to decisive advances for the 
assessment of both past and future climate changes. 
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Climate Diagnostics by Adjoint Modelling: A 
Feasibility Study 

Simon Blessing, Klaus Fraedrich and Frank Lunkeit 

Summary. Reconstructing past climate states requires the identification of the 
mean and the variability of the atmosphere and, once interpreted as a response, the 
type of the underlying atmospheric forcing. Adjoint modelling diagnostics based on 
a primitive equations simplified global circulation model (GeM) is used to analyze 
the climate mean induced by a stormtrack and the variability of a low frequency 
pattern resembling the North Atlantic Oscillation (NAO). First, given the climate 
mean, the associated location, shape and intensity of the forcing can be successfully 
determined so that, rerunning the model with the reconstructed forcing, the original 
climate variability is retained. Second, given the climate variability represented by 
a daily NAO-type index, its temperature forcing on short timescales is diagnosed in 
terms of temperature sensitivity patterns at different time lags. These two feasibility 
studies of adjoint technique applications demonstrate their potential usefulness in 
climate and palaeoclimate diagnostics. 

22.1 Introduction 

For simulations of past climate with general circulation models (GCM) it is 
important to know, how strong the link between the forcing and the climate 
response patterns is. Do fixed boundary conditions lead to seemingly non
stationary behaviour? Can different conditions generate the same climate? 
This is of relevance, if circulation patterns deduced form proxy data are simu
lated as a response to a forcing, which needs to be determined ([1107], [507]). 
This is of particular interest for regional climate change analysis. 

The North Atlantic-European sector is dominated by the North Atlantic 
Oscillation (NAO). It characterizes the North Atlantic stormtrack intensity 
through the pressure difference between Iceland and the Azores. For past 
climates, Greenland ice core analyses suggest that there is a fundamental 
change between regionally more active and passive NAO-phases lasting for 
decades [31]. These two phases can be distinguished by the coupling strength 
between the NAO and the Pacific-North-American pattern (PNA), which has 
substantial impact on the continental European climate. Raible et ale [851] 
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show that comparable phases also appear in a purely atmospheric model forced 
by climatological sea surface temperatures (SST), though integrations coupled 
with ocean dynamics show a more realistic behaviour. Even a simplified GCM 
with stormtrack induced variability reveals these regimes of decadal variabil
ity [333]. The underlying mechanisms have yet to be identified. Related atmo
spheric phenomena such as blocking or zonal index changes have been subject 
to studies with adjoint models. Perturbations that optimally trigger the onset 
of blocking were studied in a quasi-geostrophic [780] or two-layer primitive 
equations model [614]. Li and Ji [615] describe an adjoint method to derive 
forcing modes for a damped barotropic model the response to which is pri
marily composed of teleconnection patterns. 

This paper presents a feasibility study diagnosing the relationship between 
forcing and climate by adjoint modelling. The model used is the simplified 
atmospheric circulation model (PUMA, Portable University Model of the At
mosphere [324]) which represents the dynamical core of a primitive equation 
GCM forced by linear relaxation processes. Instead of the traditional analy
sis of the atmospheric response to forcing (like regional diabatic heating of 
varying intensity), we prescribe the atmosphere's response, say a circulation 
pattern obtained from proxy data, to determine the underlying forCing, its 
intensity, and spatial structure. Two cases are distinguished: 

1. Given a climate or time mean temperature field from a complex GCM 
simulation or proxy data as the only information, the diabatic forcing is 
reconstructed for a model run. Such a goal has been pursued by Lunkeit 
et al. [660] in sensitivity experiments with the objective to mimic complex 
GCM (ECHAM) CO2-scenario climates and their atmospheric variability 
with an adapted simplified GCM (PUMA). 

2. Given the variability of a recurrent large scale atmospheric flow pattern, 
the heating is determined, which generates the growth or decay of these 
patterns on timescales of the order of ten days. We demonstrate the use 
of adjoint modelling diagnostics based on the PUMA-GCM to derive the 
forcing of the observed variability. 

Oortwijn and Barkmeijer [781] employ the adjoint of a quasi-geostrophic three 
layer model to determine perturbations that optimally enhance the projection 
of the atmospheric state on a blocking pattern at forecast time. Corti and 
Palmer [194] apply the same type of model to investigate the sensitivity of the 
NAO and PNA-pattern to small streamfunction perturbations. Adjoint model 
diagnostics allows the direct identification of location, shape, and magnitude 
of the sensitive regions [420]. Here we modify this technique and look for 
perturbations of the heating in PUMA and demonstrate a sensitivity study 
in an idealized setting. 

The outline of the study is as follows. First the PUMA model and its 
adjoint are introduced. Section 22.3 demonstrates the reconstruction of the 
forcing from the mean climate response. In Sect. 22.4 the detection of the 
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temperature forcing of climate variability, given by a daily NAO-index, is 
illustrated in an idealized setting. 

22.2 PUMA and its Adjoint 

The PUMA model solves the primitive equations on a sphere with optional 
orography [470], but it is completely recoded in Fortran 90 with some alter
ations [324]. Due to its portable and transparent coding it is used for research 
and educational purposes. Rayleigh friction at the lowest level and Newtonian 
cooling are the only parameterizations. The Newtonian cooling parametriza
tion for the diabatic forcing uses a relaxation temperature field TR . At each 
timestep the model temperature T is relaxed towards this parameter with a 
time constant T( 0-): 

( aT) TR-T 
at diabatic - T( a) . 

(22.1) 

Physically the relaxation temperature T R can be interpreted as a radiative
convective equilibrium temperature. Due to advection there are significant 
differences between the relaxation temperature field and the time mean tem
perature of the model. For the experiments presented here the resolution is 
set to five a-levels in the vertical with the highest level centered at 100hPA 
and approximately 5.60 x 5.60 (T21) in the horizontal. The time step is set to 
one hour. The relaxation time constant is set to five days at the lowest, ten 
days at the second lowest, and thirty days at the other levels. The model has 
been used in a number of studies ranging from ultra-low-frequency variability 
[501] to storm track organization [342], storm track interaction [332], low fre
quency variability and teleconnections [333], storm track sensitivity towards 
SST anomalies [1128], and climate change scenarios [660]. 

Adjoint PUMA model 

The adjoint PUMA model is derived by the Tangent and Adjoint Model Com
piler (TAMC; [374], [376] [375]). Since adjointness is a property of linear op
erators, the adjoint model is, strictly speaking, adjoint to the tangent linear 
version of PUMA. It describes the linear growth of a perturbation of the non
linearly evolving flow. Therefore, a tangent linear model can be written as 
a linear operator, which depends nonlinearly on the unperturbed flow. Since 
there is no feedback from the perturbation to the unperturbed flow, it can 
extract an infinite amount of energy violating the energy conservation. Con
sequently simulations with the tangent linear model are only valid for short 
time periods of the order of a few days. 

Let A be a matrix representing the tangent linear operator for a given 
flow and time period. Then its adjoint A * is defined by 

(Ax,y) = (x,A*y) , (22.2) 
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where (.,.) is an inner product and not necessarily Euclidian. With complex 
x and y the operator A * is the Hermitian or conjugate transpose A * of A; 
for real x and y this is just the transpose. The adjoint operator A * is useful 
in a number of calculations. If it exists as a model code, various states can be 
analyzed without extracting the matrix A for each case individually, which is 
time consuming. The choice of x and y is subject to definition. They may, for 
instance, be streamfunction disturbances at different times, but many other 
choices are useful depending on the application. An introduction to adjoint 
applications can be found for instance in [283] or [1034] while [691] is probably 
the first source that applies adjoint methods in meteorology. 

22.3 Tuning: Forcing of a Mean State 

Aims and Methods 

The long-term or climate mean fields are considered as the response to a forc
ing. In particular, changes in the climate are linked to changes in the climate 
forcing. Here we analyze the link from a time-mean temperature field (tar
get climate T T from the control run) to its forcing field. That is, a suitable 
forcing field is reconstructed (for example, the PUMA relaxation tempera
ture TR ), whose time-mean response (substitute climate T) should be as close 
to the target climate T T' as possible. A unique forcing-response relation, how
ever, cannot always be guaranteed as different forcings may lead to the same 
climate mean state. Therefore we carry out an internal experiment in the 
sense that the target climate itself has been produced by the PUMA with a 
prescribed forcing. This allows an objective judgement of the quality of the 
forcing reconstruction by comparison with the known solution. For the forc
ing reconstruction we define a cost function J, which describes the distance 
between target and its substitute: 

1(----) J := 2 T - T T' T - T T . (22.3) 

In the experiments discussed here the inner product (., .) contains area weights 
to compensate for the geometry of the model grid and variance scaling with 
the temperature variance of the control run. For the forcing reconstruction 
this cost function needs to be minimized by choice of appropriate parameters 
TR of the relaxation temperature. The gradients of J with respect to the 
parameters are calculated by the adjoint PUMA. Let 1-l be the mapping of 
the n E:IN parameters T R on the n elements of T as calculated by PUMA: 

(22.4) 

This makes the cost function J and its first order approximation 6J: 
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J(TR) = ~ (1i(TR) - TT' 1-l(TR) - TT) (22.5) 

81 = C'VTRJ(TR),IITR). (22.6) 

This equation introduces the gradient operator with respect to the parameters 
of the relaxation temperature field \7 TR to relate a small perturbation of this 
parameter 8TR to a change in the cost function 81. Let A IT be the tangent-

RO 

linear model of 1i, which is the Jacobian of 1i at a first-guess relaxation 
temperature field TR . By writing 8f = AIT 8TR, the differentiation of (22.5) 

o RO 

and subsequent application of the adjoint model A* (22.2) yields: 

(22.7) 

(22.8) 

Comparing (22.8) with the definition of the gradient of the cost function 
\7 TR J(T Ro) (22.6) leads to: 

(22.9) 

The linear operators A IT and A * IT represent the tangent linear model 
RO RO 

and its adjoint. Both depend on the first guess relaxation temperature field 
TRo about which the model is linearized. Equation (22.9) shows how the gradi
ent of the cost function with respect to the relaxation temperature parameters 
can be calculated efficiently by feeding the misfit between the calculated and 
the targeted time mean model temperature, 1i(TRJ - T T, into the adjoint 
model A * ITRo' 

Single stormtrack climate (control run) 

Reconstructing the forcing of the mean climate we use a single stormtrack 
climate [342]. It is generated by a meridionally oriented heating and cooling 
dipole of the relaxation temperature TR (Fig. 22.2a), representing the con
trast between a cold continent and a warm ocean current. In the vertical its 
amplitude follows a lapse rate and becomes isothermal near the tropopause. 
The climate response is characterized by a stormtrack developing downstream 
of the heating dipole. We use the climate mean temperature T (Fig. 22.2b) of 
this model climate (and its standard deviation (JT; Fig. 22.2c) as the target 
climate T T to reconstruct the forCing T R' 

Cost function properties 

Experience has shown that with the above type of cost function, where the 
time average of a variable is included, a few precautions need to be taken. 
Lea et al. [591] investigate the dependence of a time averaged variable of the 
Lorenz [641] model on a single parameter. Their results suggest that analytical 
gradients calculated with the adjoint model are not useful for minimizing the 
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cost function when the averaging time is too long. Nonlinear dependence of 
the cost function on the parameter lets the gradient attain too large values 
which only represent the slope in a very small neighbourhood. On the other 
hand, for short averaging times, the dependence on the initial conditions of 
the model variables distorts the picture. Therefore, they suggest an ensemble 
of adjoint gradient calculations, with different initializations of the model 
variables and an intermediate averaging time. In the PUMA model the shape 
of the cost function depends on the high-dimensional relaxation temperature 
field. In order to plot the cost function for the PUMA model against the 
averaging time and the choice of the relaxation temperature (Fig. 22.1), it is 
made dependent on a single parameter ,\ which represents a one-dimensional 
parameter subspace: 

(22.10) 

Here T Ro is chosen to be the relaxation temperature of the control experiment, 
which is the forcing of the single stormtrack climate. Choosing the mean 
temperature response as the target climate T T in the cost function J, we 
expect J to converge towards zero for ,\ = 1 and t -+ 00. 
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Fig. 22.1. Cost function depending on different averaging times and parameters. 
The relaxation temperature parameters TR change from the target mean temper
ature TT (,\ = 0) to the known relaxation temperature of the control run TRo 
(,\ = 1) as described by equation (22.10). All integrations start (t = 0) from the 
same atmospheric state randomly chosen from the control run. 

Indeed the cost function possesses a marked minimum, where the forcing 
has the right shape and amplitude (,\ = 1) even for short averaging times. 
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This justifies the choice of an averaging time of 240 timesteps for the cost 
function in the gradient calculations. At intermediate times in the order of 
months, however, internal variability causes some shifting of the minimum 
without severely changing its location. 

Forcing reconstruction 

An internal experiment is carried out to reconstruct the forcing of the sin
gle stormtrack climate. The mean temperature distribution of the control run 
(Fig. 22.2b) is taken as the target climate T T in the cost function J. An 
iterative algorithm is used: First an ensemble of five calculations of the gradi
ent is carried out with an averaging time of 240 timesteps (corresponding to 
ten days). The initial conditions of the next ensemble member are the final 
conditions of its predecessor. The ensemble mean gradient field is then used 
to alter the relaxation temperature field TR (that is the forcing) by a small 
amount. Subsequently the model is run for 1200 time steps (50 days) to let the 
circulation adapt to the new parameters; then the cost function is evaluated. 
The final atmospheric conditions are made the initial conditions of the next 
iteration. The procedure is repeated until there is no further decrease of the 
cost function. 

Results 

The gradients of the cost function J, obtained by the adjoint model and 
applied to reconstruct the single stormtrack climate of the control run, deter
mine the forcing reasonably well in the lower levels of the model (Fig. 22.2d) 
while the upper levels (not shown) are less well defined. The relaxation time 
constant 7(0") (Eq. 22.1) is larger in the upper (30 days) than in the lower 
levels (10 and 5 days, respectively). They reflect the relative importance of 
advection versus radiative forcing. Long relaxation times cales should make the 
problem more nonlinear. However shorter relaxation times in the upper layers 
cannot be seen as a remedy since they would make the model less realistic 
and consequently alter the link between climate and forcing. 

A PUMA simulation with the reconstructed relaxation temperature T R 

leads to a time mean temperature (Fig. 22.2e), which is remarkably similar to 
the mean temperature distribution of the control run (T T). This is also true 
for the upper levels and in contrast to the poor reconstruction of the forc
ing in these levels. Again their longer relaxation timescale appears to be the 
reason but this time with a positive effect. Baroclinic processes probably trig
gered by the bottom level make up for the errors in the radiative-convective 
parametrization in the temperature tendency. The similarities between the 
temperature variances in the control run (Fig. 22.2c) and the simulation 
(Fig. 22.2f) are less well pronounced but some features are reproduced. A 
second experiment, which includes orography in the control run and in the 
run with the reconstructed forcing, yields results of comparable quality (not 
shown). 
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0) T. control b) T, con trol c) a, control 

d) T. reconstructed e) T~". simulated f) a, simulated 

Fig. 22.2. Control run (single stormtrack climate): (a) Relaxation temperature TRo' 
(b) mean temperature T and target temperature TT in the cost function J, (c) stan
dard deviation of the temperature aT. Reconstruction: (d) Relaxation temperature 
TR reconstructed from TT, (e) mean temperature of a simulation with TR, (f) stan
dard deviation of the temperature in the simulation with relaxation temperature TR 
(all at a-level 0.9 near 900 hPa). 

22.4 Detection: Forcing of Variability 

Aims and methods 

Short-term processes are part of the space-time climate variability. Their sen
sitivity to small changes of the forcing may contribute substantially to the 
climate sensitivity. For example, a daily NAO-index and its changes are linked 
to an atmospheric forcing and its modification. 

Low-frequency variability in PUMA 

The interaction of two stormtracks of 1500 zonal distance reveals patterns, 
which are similar to the NAO and the PNA [333]. They are introduced into 
the model by two heating dipoles in the manner described for the control 
climate of the previous chapter. This stormtrack separation defines a larger 
A-region anda smaller P-region which have the approximate meridional extent 
of an 'Atlantic' and 'Pacific' region separated by the North American east cost 
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and Japan. The A-pattern 'IjJ A (Fig. 22.3) is the one-point correlation from the 
basepoint 47°N, 56°W in the A-region. 
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Fig. 22.3. One-point correlation in the A-region with basepoint 47°N, 56°W (from 
[333]). This pattern is referred to as the A-pattern 'l/JA [333] 

We define a daily NAO-type or A-index I by projection of the local stream
function anomaly of the daily streamfunction 'IjJ d from the mean ?p on this 
pattern 

I(- /' ) = ('ljJd -?p, 'IjJ A) 
'f/d l'ljJAI' (22.11) 

The brackets (-,.) denote a scalar product with area weighting which com
pensates for the the geometry of the model grid. 

For the detection of the variability forcing (Sect. 22.4) a time series of 
the daily index is calculated for a 20 year period (Fig. 22.4a). Anomalies ex
ceeding one standard deviation show persistence of up to 25 days (Fig. 22.4b 
and c); the negative anomalies tend to last longer than the positive ones. We 
select special events in this A-index timeseries and calculate their associated 
temperature sensitivity patterns which lead to its increase when introduced 
into the model as perturbations. Adjoint modelling provides an advanced di
agnostic tool to quantify this forcing-response sensitivity without rerunning 
a suite of complex GeM experiments with different initial conditions. The 
adjoint model directly calculates the spatial sensitivity patterns which, in a 
first order approximation, most effectively induce a given change in the out
put. Here we define the PUMA model to be a mapping 1l of the temperature 
T( -t) at time -t on streamfunction 'IjJ(0) at time 0: 
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Fig. 22.4. A-Index (projection of the streamfunction on the A-Pattern): (a) Time 
series of 20 years (7200 days; one standard deviation dotted) and histogram of 
persistence times of (b) positive and (c) negative projections exceeding one standard 
deviation. 

1l : lRn -7 lRn 

T( -t) I-t 1jJ(0). (22.12) 

This allows us to write the A-index I(1jJd(O)) (Eq. 22.11) at time 0 as a 
function of the temperature T( -t) at time -t: 

I(1jJ (0)) = (1l(T(-t)) -"if;,1jJA) 
d 111jJ All 

JI = (R( -t, 0)81'( -t), 1jJ A) 
=> 111jJ A II ' 

with &/J(t) = R( -t, O)JT( -t). So, 

JI = (81'( -t), R*1jJ A) 
II 1fJA Il 

(22.13) 

(22.14) 

(22.15) 

Introduction of the tangent-linear propagator R( -t, 0) (the linearisation 
of 1l) yields equation (22.14) for the first order approximation of the A
index JI, and application of its adjoint propagator R* (Eq. 22.2) gives equa
tion (22.15). It follows that, in order to have a maximum change JI of the 
A-index I at time 0, the initial temperature perturbation 81'( -t) needs to 
have maximum projection on R*1jJAIII1jJAII, which, therefore, is interpreted as 
the sensitivity pattern. Keeping the norm ofthe temperature, IIJT( -t) II, fixed, 
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we see that the sensitivity pattern R*1jJAIII1jJAII in equation (22.15) not only 
defines the spatial shape but also the strength of the sensitivity of the index 
change 8I on the initial temperature perturbation 8T ( -t). 

Sensitivity of the A-Index 

Two special states of the A-index I are analyzed. They are defined by at 
least five days of continuous index growth beyond plus (minus) one standard 
deviation. The sensitivity patterns R*1jJ AIII1jJ All are calculated for different lag 
times -t of 1 to 4 days. The composite pattern for each lag time is the average 
of 34 (46) cases found in the A-index time series (Fig. 22.4a). In addition the 
presence of the sensitivity patterns in the actual model run is verified by 
calculating lag correlations between the projection of the model temperature 
onto the sensitivity patterns and the A-index time series. 

Results 

The composite sensitivity patterns for the cases with a growing positive 
A-index anomaly (Fig. 22.5) show a wave-like structure that propagates more 
and more upstream with increasing lag time. In the vertical there is an increas
ing westward tilt from equivalent barotropic in the 24 h pattern to a clearly 
baroclinic structure in the 96 h pattern. The composite sensitivity patterns 
of growing positive and growing negative (not shown) A-index anomalies are 
quite similar. 

The lag correlations between the projection of the model temperature on 
the composite temperature sensitivity patterns and the 20-year index time se
ries are quite strong (Fig. 22.6). They peak close to the lag time corresponding 
to the sensitivity pattern, which underlines the dynamical importance of the 
detected patterns. The cases for the growth of negative A-index are similar 
(not shown). The correlations are different from zero on the 99.9% level. It is 
not obvious, however, whether positive anomalies in the projection on the tem
perature patterns correlate with positive index anomalies or whether mainly 
the respective negative anomalies are correlated. When computing only posi
tive and negative projections in the lag correlation, their relative contributions 
are of almost equal importance as expected for a linear mechanism. This is 
in good agreement with the similarity of the patterns for the two situations. 
The largest correlation, however, appears closer to lag zero than expected. 
This shift again does not depend on the sign of the respective temperature 
anomaly. By correlating the projection on each individual model level we find 
that the shift of the maximum is strongest in the contribution of the lower 
levels and not present in the 300 hPa-level. 
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Fig. 22.5. Composite temperature sensitivity patterns for the positive A-index 
growth cases (from top to bottom: 96h, 72h, 48h, and 24hj units are m 2s- 1K- 1 ). 

22.5 Summary and Conclusions 

Reconstructing past climate states requires the identification of the climate 
mean state and the climate variability of the atmosphere and, once interpreted 
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Fig. 22.6. Lag correlation between the projection on the temperature sensitivity 
patterns (growth cases) and the A-index time series. Negative lag times mean leading 
temperature pattern. 

as a response, the type of the underlying atmospheric forcing. How adjoint 
modelling may contribute to this goal, is demonstrated by a GCM approach 
to reconstruct the forcing of the climate mean and to diagnose the forcing of 
the climate variability. Given the climate mean, the associated location, shape 
and intensity of the forcing can be successfully determined so that, with this 
reconstruction, both the climate mean and its variability are retained. 

As first example for this feasibility study we choose the single stormtrack 
climate simulated by an idealized experiment with the simplified general cir
culation model PUMA. The reconstruction of the forcing from a climate mean 
response may be useful for two main types of experiments: Firstly, adapta
tion of the model forcing to complex GCM climates (for instance with ocean 
coupling) allows the isolated investigation of the internal variability of the 
atmosphere and, due to the relatively higher integration speed of the sim
plified model, longer runs and, therefore, better statistics. Secondly, climate 
reconstruction from temperature maps derived from suitable proxy data may 
give an dynamically consistent estimate of other climate variables and their 
variability which is not so easily obtained from proxy data. The method as 
presented here is limited to scenarios with constant forcing. Another limita
tion arises from the uncertainty of the reconstruction in the upper model levels 
which appears to be a consequence of the strong advective component of the 
temperature tendencies at these levels. This may be related to the question 
of the uniqueness of the solution which cannot be guaranteed. 
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Given the climate variability, the forcing of a large scale atmospheric tele
connection pattern on short timescales is diagnosed. We choose the North 
Atlantic Oscillation, which determines Europe's present and past climates. It 
has also been simulated by an idealized GCM experiment (PUMA). We de
termine those temperature sensitivity patterns, which generate a NAO-index 
increase. The diagnosed temperature sensitivity patterns may help to identify 
mechanisms, which force the variability of large scale atmospheric teleconnec
tion patterns. Forcing the model with one of the sensitivity patterns leads 
to a significant change of the probability density function of the NAO-Index, 
which is consistent with results from Corti and Palmer [194]. By identifying 
directly the heating sensitivity patterns in a primitive equations model we 
may achieve a better understanding of how the atmosphere reacts on changes 
of the forcing. It is a tool to determine the influence of a (possibly external) 
thermal forcing on internal atmospheric variability. The reversed approach by 
the adjoint technique reveals sensitivities not previously considered which is 
in contrast to the direct method where perturbations are introduced in a more 
or less systematic way and therefore are shaped by the initial paradigm. The 
main limitation lies in the linearity of the adjoint sensitivities. Their validity 
is depending on the linearity of the studied process which in turn determines 
the timescale. For the atmosphere this results in the order of 10 days at maxi
mum. However this is enough for some of the dynamical processes linked with 
persistent large scale atmospheric circulation patterns taken into account that 
tangent-linearity allows for the calculation of first order sensitivities along al
most arbitrarily complex trajectories. 

These results suggest that the adjoint techniques presented may be suc
cessfully applied to analyze palaeoclimates by reconstructing and diagnosing 
the atmospheric forcing, which generates the atmospheric mean state, its vari
ability, and the underlying processes. Other adjoint techniques found in the 
literature, such as the characterization of the background flow by its (scalar) 
overall sensitivity [781], or the stability analysis of persistent states by finite 
time fastest growing modes [335], may also prove useful in the field of palaeo
climatology. 
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Evidence for the Climate During the Late 
Maunder Minimum from Proxy Data and 
Model Simulations Available Within KIHZ 

KIHZ-Consortium: Jens Zinke, Hans von Storch, Beate Muller, Eduardo 
Zorita, Bert Rein, Birgit Mieding, Heinz Miller, Andreas Lucke, Gerhard H. 
Schleser, Markus J. Schwab, Jorg F. W. Negendank, Ulrike Kienel, Jesus 
Fidel GonzaJez-Rouco, Wolf-Christian Dullo and Anton Eisenhauer 

Summary. The knowledge constructed within the project "Klima in historischen 
Zeiten" (KIHZ) about the Late Maunder Minimum (LMM), based upon corals, 
lake and marine sediment records, ice cores and speleothems, is reviewed. The data 
are compared to a simulation with the climate model ECHO-G. It is found that the 
LMM was an event of global scale, with a cooling on the entire Northern hemisphere 
and in the tropics, while a weaker warming may have taken place on the Southern 
Hemisphere. The model results are mostly consistent with the empirical evidence. 
However, the empirical data are not very conclusive so that any claims that the 
dynamics behind the simulated LMM would equal the dynamics of the real event 
should be considered with care. 

23.1 Prologue 

The reconstruction and analysis of past climate variations from various 
archives has turned out to be a somewhat cumbersome exercise, simply be
cause of the uncertainties in the transfer functions and dating of the proxy 
data. In an attempt to overcome this obstacle, which is to some extent not 
only due to scientific problems but has also something to do with the social 
exchange among different disciplines and subdisciplines, it was agreed to pool 
all knowledge about the Late Maunder Minimum (LMM), 1675-1710. Thus, 
the different groups within the KIHZ project (Klima in historischen Zeiten) 
were asked to come up with their best guesses concerning the state during 
the LMM period, relative to the reference 'normal' 1550-1800, and its uncer
tainty both in the physical interpretation and the dating. Of course, in most 
cases, proxy data are not available for the entire 1550-1800 interval, so that 
compromises have to be made, by using as much as is available within that 
interval. 

The results of this exercise are compared with an extended 'forced' simula
tion with the state-of-the-art climate model ECHO-G (see also [1113]). This 
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model was exposed to time-dependent solar output, volcanic aerosol loads in 
the atmosphere and greenhouse gas concentrations. During the model years 
1675-1715 a marked cool anomaly emerged during winter. The cooling in Eu
rope is consistent with historical evidence but little is known outside Europe. 
Therefore the comparison with estimates from the various archives is hoped 
to support, or falsify the model-based hypothesis of global cooling. 

The choice of the time intervals - 1675-1710 as 'LMM' and 1550-1675, 
1710-1800 as reference 'normal' - is somewhat arbitrary. The interval 1675-
1710 is suggested by the work about the LMM in Europe. Since proxy data are 
better in describing relatively small variations relative to a 'normal', we agreed 
on the 1550-1675, 1710-1800 as a reference 'normal' for two reasons. First, the 
end point is motivated by the request of having no significant contamination 
by anthropogenic climate change, which may have begun sometimes in the 
1850s. Second, the empirical data should be compared with the model output. 
The model was spun up with modern conditions and forcing beginning in 
1450. By 1550 the model had about equilibrated, so that its output may be 
representative for pre-industrial forcing conditions. 

The purpose of this paper is not to offer a complete overview of all available 
material. Instead it is the result of an ad-hoc working group of paleoclima
tologists and modelers to systematically compare what is available within the 
project. As such the present paper represents a snapshot of how a joint view of 
historical past emerges within the group by bringing together the different dis
ciplines. Important elements of this joint work is the mutual agreement about 
comparable dating and comparable informational content in the proxy data 
(e.g., temperature - where, which season, smoothed over how many years?) 
and their uncertainties. Likely, in a few years, this joint construction of the 
past will comprise much more archives, methods and disciplines. The purpose 
of this paper is to further this development. 

23.2 Review of Present Knowledge 

The term 'Late Maunder Minimum' (LMM) refers to the coldest phase of 
the so-called 'Little Ice Age' with marked climatic variability over wide parts 
of Europe. Especially extreme values of temperature and precipitation over 
decades make the LMM an outstanding climatic period. 

It coincided with a reduced solar and an enhanced volcanic activity, as well 
as a low number of sunspots. Estimates of the reduction of solar irradiance 
are in the order of 0.2 to 0.4% relative to present levels (e.g., [594], [595]). 
Solar activity during the LMM was near its lowest levels within the past 8000 
years [595] and the UV irradiance was reduced as well [593]. 

Most of the authors dealing with LMM, e.g. in [339], report cold winters 
in that period. The winter of 1685 was the most severe in Europe with an 
anomaly from -4.5 to -5K [619]. 
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In general, winter cooling was pronounced in western and central Europe. 
In northwest Europe, small anomalies prevailed, but the south-eastern regions 
experienced strong cooling: no mild or normal winters were recorded. In all 
other regions strong winters were much more frequent than usual. The springs 
in that time period were the coldest of the last 500 years in north-western, 
central and eastern Europe. 

The summers were characterized by mostly cool summers: Mean summer 
temperatures of the Northern Hemisphere from 1691-1700 were with -0.7K 
anomaly (relative to 1961-1990) the lowest of the last millennium [510]. At the 
same time variability was enhanced during summer with great regional differ
ences. For instance the hottest summer in the period of 1480-1800 occurred 
in Hungary during the LMM [849]. In France and Switzerland more cool and 
cold summer than warm and hot occurred, but normal summers dominated. 
Briffa et al. [119] found summers wetter and cooler in western, central and 
eastern Europe. In northwestern and central Europe more cool summers than 
usual were observed. No hot summers were experienced on the British Islands. 
Also autumn conditions varied across Europe, with normal to slightly cooler 
conditions in northwest Europe, Switzerland and France. 

In the following some results of investigations for distinct regions are listed 
exemplary. 

• The annual Central England temperature from 1690-1699 was -1.5K rel
ative cooler compared to the period 1920-1960. The coldest winter from 
1659-1979 was winter 1684 with an anomaly of -5.2K relative to the 
mean of 1850-1950. Winter 1695 was -3.3K colder than that mean value. 
Summers of 1674,1675,1694,1695 were with -1.5K anomaly the second 
to fifth coldest summer of 1659-1997. 

• In Germany all seasons had negative temperature anomalies. The years 
1684-1700 were coldest [381]. 

• During the LMM the frequency of strong winters, as reflected in sea ice 
conditions of the Baltic Sea, were increased (Fig. 23.1; [550]). 

• The winter mean temperature value for 1683-1700 in Zurich was 1. 5 K 
lower than the mean of 1900-1960, whereas greatest differences, of 2.2-
2.7K, were experienced in March [821]. 

• In Lisbon there were six winters with snowfall: 1680, 1684, 1693, 1699, 
1703, 1704, while within 1954-1994 only once (1954) snow occurred. Grove 
and Conteri [405] found only for 1983 reports for a strong cooling in the 
eastern and central Mediterranean. In Italy, climate during the LMM was 
found to be mostly normal [146]. 

• Ogilvie [774] found evidence that the winter half years (October to April) 
of 1680, 1688, 1690, 1695, 1699 were very cold in Iceland. 

• Also for the Far East, some evidence for a cooling during the LMM has 
been found. Arakawa [32] notes that freezing of Lake Suwa (36°N, 138°E) 
during the winters 1680/1 to 1719/20 was considerably earlier than before 
and after. However, the data base for this statement is rather weak. In 
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Fig. 23.1. Ice winter Index after Koslowski and Glaser [550]; grey: Index, black: 20 
year mean, dark grey: 5 year mean. 

China, a cool period was identified to appear between 1650 and 1700, with 
a temperature drop of about 0.5K [1130], [847]. 

A detailed review paper on the LMM has been carefully prepared by Luter
bacher [662]. 

23.3 Evidence from Archives About the Climate During 
the Late Maunder Minimum (LMM) 

Various proxies reflect past variations of mainly air and sea surface tempera
ture, precipitation and wind directions. Figure 23.2 sketches broadly the main 
areas, and types of proxies, from which annually resolving reconstructions of 
temperatures seem to be possible. The project KIHZ is engaged in many of 
these areas, working in corals, marine and lake sediments and ice cores. In the 
following a summary of the available data, and their informational content for 
the Late Maunder Minimum (LMM, 1675-1710) is given. 

We present not only that material, which provides relatively well defined 
estimates about the LMM climate anomaly, both in terms of quantitative 
change and timing, but also evidence which is not really useful, because of 
too uncertain timing (marine sediments) or because of contaminations of the 
climate signal with other, non-climatic factors (speleothems). 

23.3.1 Corals 

Within KIHZ a coral from the lagoon of Ifaty off southwest Madagascar in 
the Mozambique Channel was examined [1184]. The core is 406 cm long and 
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Fig. 23.2. Global map of the main regions with annually resolving proxy data for 
pre-1750 temperatures. From [512] . 

was sectioned into 3mm thick slabs. The coral slabs were X-rayed and reveal 
a very clear annual density banding. 

A high-resolution profile for stable isotope analysis was drilled along the 
growth axis to avoid sampling artifacts. Subsamples were drilled at a distance 
of 1 mm for the years 1995- 1920 and 2 mm for the older part of the core. The 
growth rate of the coral averages 10mm/year, so that the 1 or 2mm sample 
spacing provides approximately monthly or bimonthly resolution, respectively. 
Average precision is ±0.08%o for 01S0 or about 0.5K. 

The stable isotopic composition of coral skeletons reflects a combination 
of sea surface temperatures (SST) and 01S0 of seawater (salinity). In regions 
with relatively constant hydrological balance coral 01S0 records can provide 
SST variations, with positive 01S0 values indicating cooler and negative values 
warmer SST. Thus, the strong seasonal cycle in 01S0 was used to develop the 
chronology of the coral core. The most positive 01S0 values were assigned to 
August 15 of each year, which on average is the coldest month. The timing of 
the coldest month varies for about 1- 2 months between the years, thus this 
approach creates a time-scale error of about 1- 2 months in any given year. 

Seasonal and annual mean SST's were estimated from the entire 01S0 
record on the basis of two calibration data sets: 

• lOx 10 gridded NCEP-AOI-SST available for 1982-present [870] and 
• lOx 10 gridded GISST 2.3b for monthly mean temperatures dating back 

to 1871 prepared by Rayner et al. [860]. We used the period from 1982 to 
present as the calibration interval. 

The best fit for linear regressions between annual mean coral 01S 0 and the 
NCEP-AOI- SST is SST = 2.061 - 5.298 01S0 (R2 = 0.81). For GISST 
2.3b we obtained SST = 9.191 - 3.708 01S0 (R2 = 0.61). The slope of the 
01S0/temperature relationship is 0.19%o;oC and 0.27%o;oC, respectively, and 
falls well into the range of published relationships [1139], [353]. The slope of 
0.27%o;oC is slightly too large and suggests variations in seawater isotopic 
composition. The root mean squared error for the estimated annual mean 
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SST is 0.32 K and 0.36 K for NCEP-AOI-SST and GISST2.3b. In order to 
validate the coral-{,)180-temperature calibrations we compared late 19th and 
early 20th century annual mean SST derived from GISST 2.3b with the coral 
data. The coral record successfully captures the general trend in GISST 2.3b 
for the 20th century. 

The 336 year coral record displays marked positive and negative 818 0 
shifts during certain time periods (Fig. 23.3). The most positive excursion 
coincides with the Late Maunder Minimum of solar forcing which extends 
from 1675-1710. During the LMM, coral growth rates are the lowest of the 
entire record (Fig. 23.3). 
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Fig. 23.3. The 338 year record of variations in mean annual coral <') 18 0 (a) and 
annnual coral growth rates (b) 

The comparison of calculated annual mean SST during the LMM (1675-
1710) with the preceding (1659-1669) and following periods (1711-1730) sug
gests that the mean SST was OAK cooler in the former and similar in the 
latter period (Fig. 2304). During the time interval from 1730-1800 a warm
ing in annual mean SST of about OAK is observed reaching values similar to 
the period from 1659-1669. Compared to the present (1980-1995), the annual 
mean SST during the LMM was about 0.3 K cooler. Interannual SST variabil
ity is strongly enhanced during the LMM in comparison with the recent time 
interval. This also holds for the preceding and following reference periods as 
well as all cool episodes (1820-1850,1890-1930). 
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Fig. 23.4. The reconstructed 338 year record of variations in sea-surface temper
atures as inferred from the 1982-95 annual mean 81BO-SST calibration equations 
using SST observations from NCEP-AOI-SST ([870]; red) and GISST 2.3b ([860] ; 
blue). Observed SST based on GISST 2.3b is shown for comparison (green) 

SST in DJFM (summer) and JJAS (winter) were calculated with a seasonal 
calibration (not shown in figure) . SSTs in DJFM during the LMM were on 
average 0.6K cooler than during the preceding interval from 1659-1669 and 
warmer by about 0.5K than the following period (1711- 1730). The average 
SST's between 1730- 1800 were 0.3 K cooler than during the period between 
1659- 1669. SSTs in JJAS during the LMM were on average 0.2K cooler than 
between 1659- 1669 and similar to the period between 1710-1730. The average 
SST's between 1730-1800 were 0.6 K warmer than during the LMM. 

Several studies from the literature dealing with corals as far back as the 
LMM have been reported. These studies refer to 

• Galapagos (E-Pacific, lOS, 900 Wj [261]): 367 years of coral 0180 and 013 C 
records from 1587- 1953, with annual resolution. The intervals 1660- 1680, 
1710- 1800 and 1870- 1895 were found warmer than 'normal', whereas the 
intervals 1600-1660, 1680- 1700 (LMM) and 1800- 1825 were cooler than on 
average. 018 0 is about 0.1-0.15%0 heavier during the LMM than between 
1660- 1670 and 1705- 1750 and thus indicates a cooling of 0.5- 0.75 K. The 
coral growth rates during the LMM were reduced, but increased after the 
LMM (1700- 1730) . 

• New Caledonia (SW-Pacific, 22°S, 166°Ej [848]): 335 years of coral 0180 
and 013 C records from 1657- 1952, with seasonal resolution. The records 
describe a brief interval of modest cooling in the late 17th century, with an 
annual mean SST about 0.2- 0.3 K cooler between 1680- 1740 than between 
1660-1680 and 1740- 1750. 
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• Great Barrier Reef (SW-Pacific, 100 S-23°S, 1500 E; [451]): 420 years com
posite record of 8 corals of coral 818 0, Sr/Ca and U/Ca from 1565-1988, 
with a 5-year resolution. SST were O.3K cooler between 1565-1700 than 
the long term average. 

• Puerto Rico (Caribbean Sea, 18°N, 67°W; [1166], [1134]): 313 years of 
coral growth from 1685-1998, four high-resolution windows of 8180, 8 13 C. 
The window from 1700-1705 shows a 2 K cooling compared to the present 
and warmer SST of about 0.9K from 1780-1785 and 1810-1815. 

23.3.2 Marine Sediments 

Laminated marine sediments have been recovered from the Peruvian shelf 
about 100km west off Lima [260]. Oceanography off the coast of Peru and 
the climate of the region are fundamentally linked to ENSO variability. The 
nutrient-rich upwelling waters make the Peruvian shelf the world's most bio
productive marine environment supplying organic matter as photosynthesis 
pigments to the sediments. When trade winds weaken, upwelling is blocked 
by the advection of backflushing warm surface water from the western Pacific. 
Marine bioproductivity is strongly reduced and moisture is transported to
wards South America, bringing extensive rainfall into some regions of the arid 
to hyper-arid coastal deserts. With the run-off, litho clastic matter is flushed 
via rivers into the sea. The sediments have been analyzed with respect to 
tracers of primary production (chlorines) and litho clastic sedimentation [864]. 
Together they describe the paleo-EI Nino/La Nina modes of ENSO: Litho
clastics are more abundant during EI Nino years, whereas bioproductivity is 
stronger in between (La Nina). 

The dating of the uppermost sediments in core 106KL is based on two 
AMS-14 C ages (1000 ±30 BP, 1305 ±25 BP; Rein, unpubl. data) and lead 
isotopes (Suckow, unpubl. data). A reservoir correction of 800 years was used 
for the correction and calibration of radiocarbon ages. This reservoir age is 
supported by lead isotopes for the topmost dating. Lead isotopes were also 
used to narrow down the calibrated age of the younger sample to 1790 ±20 
cal AD. The calibrated age of the older dating is 1425 +15/ -10 cal AD. The 
remaining dates have been set by linear interpolation. 

The lithoclastic sedimentation during the LMM is about average compared 
to the reference period. The frequency and intensity of EL Nino events as in
dicated by peaks in the lithoclastics (Fig. 23.5) did not significantly change. 
Although litho clastic sedimentation prior to 1450 AD was partly more vari
able, it was generally on a lower level. That means that the reference period 
and the LMM were wetter than the time before the Little Ice Age. Bioproduc
tivity has been further reduced during the LMM although the time 1400-1790 
AD, as a whole, including the reference period, is characterized by strongly 
reduced bioproductivity compared to the centuries before and two decades 
following (Rein, unpubl. data). The LMM is one of three periods of minimum 
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bioproductivity (Fig. 23.5) during the last millenium. Beside a decadal deteri
oration around 1565 AD, another extended period of reduced bioproductivity 
prevailed in the middle of the 18th century. As mentioned above high fre
quency bioproduction variability depends on ocean circulation (ENSO) but 
mid- to long-term reduced bioproductivity is related to lower sea-surface tem
peratures (Rein et al., unpubl. data). 

LMM 

1550 1600 1650 1700 1750 1800 
Year (AD) 

Fig. 23.5. Marine bioproductivity (chlorines) and continental moisture (lithoc1as
tics) recorded in laminated sediments from the EI Nifio region off the coast of Peru. 

deMenocal et al. [231] found evidence for a strong cooling (-1 to -2K 
relative to 1550-1800) for the West African coast in a core drilled at about 
20o N, 18°W, concurrent with a SST anomaly of -0.5 to -1 K derived from 
material at Bermuda Rise. 

23.3.3 Lake Sediments 

A new composite profile (cores HZM41 and HZM42) of mainly varved sedi
ments from Lake Holzmaar (Germany) has been analyzed. Dating is accurate 
within ±15 years. The following properties have been determined: 

• Magnetic susceptibility is a good approximation for clastic input into the 
lake basin. Lower values, as found during the LMM (Fig. 23.6) thus pos
sibly indicate reduced erosion in the catchment of the lake. 

• Contents of water and total organic carbon (TOC) in the sediments can be 
related to higher primary production in the lake. However, these parame
ters are subject to a concentration effect when clastic input is reduced. 
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Fig. 23.6. Proxies from lacustrine sediments of Lake Holzma.ar: magnetic suscepti
bility, water content, TOe and B13e (from top to bottom) 

• Reduction of 013C values during the LMM suggests a massive disturbance 
of the lake ecosystem. The isotope reaction is possibly an effect of a re
duced growing season due to an extension of winterly ice cover or cooler 
summer temperatures. However, the abrupt isotope reaction at 1675 can 
also be interpreted as a nonlinear response of the composition of the algal 
community. 

• The diatom species A ulacoseira subarctica was abundant during the LMM 
(K umke et al. in this volume). The present-day occurrence of this diatom is 
restricted to northern or alpine lakes. Conditions under which this species 
lives include low light supply as under ice cover and turbulent waters. 

• Available evidence from Lake Holzmaar sediment converge into a LMM 
scenario characterized by cooler and dryer winters and temperate to cooler 
summers in Europe. Effects for the lake are the reduction of clastic input, 
a shortening of the growing season for lacustrine algae due to the extension 
of the lake's winterly ice cover and moderate summer water temperatures. 

23.3.4 Ice Cores 

Five ice cores from the North-Greenland-Thaverse [947] and three ice cores 
from the inland ice plateau of Dronning Maud Land in the Atlantic sector of 
Antarctica [392] were evaluated for their isotopic (0180) content (Fig. 23.7). 
From these records stable isotope temperature time series covering the last 
500-1000 years were estimated for each region. The ice cores have been dated 
with an accuracy better than 3 years over the last 500 years by a combi
nation of age markers (volcanic horizons in continuous sulfate and electrical 
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conductivity), annual layer counting in high resolution density measurements, 
continuous flow analysis and Ca2+ and NH4 + -stratigraphies. 
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Fig. 23.7. a) Stacked isotope record from five Greenland ice cores ([947]) 
b) Reconstruction of solar variability, deduced from lOBe measurements ([202]) 
c) Stacked isotope record from three ice cores from Dronning Maud Land, Antarctica 
([392]) 
All the data sets cover the time span over 1520-1750 AD. The thin lines represent 
annual data sets, the thick grey lines the average of the" reference period" 1550-1650 
and the thick black lines a smoothed record using a running binomial filter. 

The long-term variations of 8180 in North Greenland indicate several per
sistent cold periods during the 14th, 15th, 17th and the first half of the 19th 
century [947]. Furthermore, for the period 1610-1850 the isotope record shows 
a significant correlation with the low-frequency variability of the total solar 
irradiance [309]. During the Late Maunder Minimum the stacked 8180 profile 
from North Greenland shows an anomaly of about -0.40/00. Using the spatial 
8180 temperature gradient in recent firn of 0.64%orC [308], this anomaly is 
equivalent to a cooling of about 0.6 K compared to the 'reference period' from 
1550-1650. 

The long-term variations of 8180 in Dronning Maud Land (DML) over the 
last 1000 years show remarkable features with a 350-year period from 1180 to 
1530 AD with decreasing 8180 values and a return to the same values as prior 
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to 1200 within a short 50-year period [392]. The persistent cold periods of the 
'Little Ice Age' from North Greenland are not found in DML. The oxygen 
isotope ratio in DML during the Late Maunder Minimum reveals no devia
tion (+0.04%0) compared to the 'reference period' from 1550-1650. However, 
during the Maunder Minimum we find a local 8180 maximum around 1680 
simultaneous to a minimum in North Greenland. This anomaly over the time 
span 1660-1700 amounts to 0.6%0 which is equivalent to a warming of about 
0.8 K using the spatial 8180 temperature gradient in recent firn in DML of 
0.77%o;oC [392]. 

Thus, the ice core data provide evidence for a LMM-cooling in North 
Greenland and, at the same time, a warming in Antarctica. 

23.3.5 Speleothems 

Two sets of analyses of annual growth width of banded speleothems are avail
able within the KIHZ data archive. 

A small (35 mm high) stalagmite was collected from the cave Uamh an 
Tartair, part of the Cnoc nan Uamh cave system, in NW Scotland [845] and 
examined for annual luminescent bands using standard UV microscopy tech
niques. It was continuously banded with a total of 1087 annual bands. No 
evidence of any hiatus was found, suggesting continuous growth. However a 
small uncertainty in counting was introduced by occasional double bands, im
plying a counting error of < 20 years. Thus, the stalagmite was deposited over 
a period of 1087 ±20 years, from about 900 AD to the present. The thick
ness of the bands, i.e., the growth rate of the stalagmite, depends on annual 
precipitation, and to the hydrological situation, in particular vegetation. 

The time series of normalized band width is shown in Fig. 23.8. During 
the LMM conditions were near normal. An episode prior to the LMM, in 
the middle of the 17th century was likely wetter and/or cooler. Taking into 
account possible dating errors, the episode may have been somewhat earlier, 
but not later, in particular not during the LMM (1675-1710). 

Stalagmites from caves in New Mexico (USA) have been examined [833]. 
In this semi-arid region with seasonal precipitation, stalagmite growth is 
moisture-limited. The stalagmite BC2 provides a continuous sequence of 292 
bands and two U-series dates (1518 ±13 and 1714 ±50 years BP). Thicknesses 
of about 0.1 mm were found for the time until about 1650, an abrupt lowering 
at about 1650 indicates the beginning of dry conditions during the LMM until 
about 1720 (Fig. 23.9). If this is a inhomogeneity in the data or a real signal 
remains to be seen. 

23.4 Numerical Model Simulation of the LMM 

As already mentioned in the Introduction, we run a simulation with a state-of
the-art climate model, ECHO-G, featuring a T30 atmospheric general circu
lation model (ECHAM4) and a T42 ocean model (HOPE-G). The simulation 



23 Evidence for the Climate During the Late Maunder Minimum 409 

140 ,---.,-----,--,----,---:--;:------r---,-----, 

120 I-----'---!-

~ 
100 - --~--H 

i .0 
i 
j 60 

I 
'0 

20 

1~ 1570 1590 1610 1630 1650 1870 1&10 17\0 1730 1750 

.... AD 

Fig. 23.8. Evidence from speleothems, NW Scotland: Normalized annual band
width. Error < 20 years. From [845] . 

0.' ,--------------;------.,-----, 

IIUO 1 ~90 1610 1133(1 1&SO 1610 l BfO 1710 1130 1f~ 

.,.(AD' 

Fig. 23.9. Evidence from speleothems: Speleothem BC2 from New Mexico. Low 
values indicate dryness. From [833] . 

was extended over 450 years, with realistic time-dependent forcing of solar 
output, volcanic aerosol forcing and forcing due to greenhouse gases (von 
Storch in this volume). The resulting climate variations reflect the influence 
of these 'external' factors as well as the omnipresent interval variable, often 
called 'climate noise' [1108]. 

In terms of temperature, the simulated temperatures during the period 
1675-1710 are rather cold, when compared to the anthropogenically undis
turbed period 1550-1800. The model output has been evaluated for the win
ter (DJF) season in some detail ([1113]), and it was found that the simulated 
temperature distribution in Europe was quite consistent with the historical 
evidence. The evidence outside Europe is sparse, but also these were mostly 
consistent with the model results. In the following we present global maps of 
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seasonal means of air temperature (at the ground), precipitation and zonal 
wind in Northern Hemisphere winter (DJF). Results for the other seasons 
(MAM, JJA and SON) as well as annual results are given on the internet, 
http://w3g.gkss.de/staff/storch/LMM/LMM-data.htm. 

The maps show the difference of the 1675-1710 and 1550-1800 time means. 
Because of the internal noise in the system, the difference maps reflect to 
some extent, or even entirely such random variations. The robustness of the 
Signal was tested with a local t-test, assessing the chances that the mean 
difference 1675-1710 minus 1550-1800 may be due to random variations and a 
systematic effect. Significance levels of 99%,95% and 90% are used, equivalent 
to a risk of an erroneous rejection of the null hypothesis of 1 %, 5% and 10%. 
Maps of the risks are given on the internet address given above. 

23.4.1 Air Temperature 

The DJF temperature map, displayed in Fig. 23.10, are characterized by an 
almost global cooling. Only in the southern ocean and over Antarctica a warm
ing is to be seen. In all seasons but northern summer (JJA), a pronounced 
cooling of minus two and more degree K is found in the Labrador Sea or in 
the Hudson Bay. Thus, the cooling found in DJF extends into the neighbor
ing seasons, MAM and SON, but not into summer (JJA). The signal north of 
300 S is almost everywhere significant at the 95% level. 

These results are by and large consistent with the historical record for 
Europe outlined in Sect. 23.2 and the evidence from Lake Holzmaar (Sect. 
23.3.3). All seasons were found to be cooler than in the years before and after, 
but regional details like the warming in Hungary has not been reproduced. 
In fact, one would not expect a climate model to resolve such regional scale 
spatial differences [1105]. Also the winter cooling reported by Ogilvie [774] for 
Iceland and claimed by Arakawa [32] for Japan are not in conflict with the 
model results. However, the evidence provided by the speleothem evidence in 
Scotland (Sect. 23.3.5) of almost normal temperatures is not consistent with 
the general impression of cooling in Europe during the LMM. 

The coral data reported in Sect. 23.3.1 as well as the marine evidence 
off West Africa (Sect. 23.3.2) are consistent with the result that the cooling 
during the LMM was not confined to Europe or the north Atlantic sector, 
but was also felt throughout the tropics. The ice core evidence (Sect. 23.3.4) 
suggests an global out-of-phase link between Northern Greenland (cooling) 
and the Atlantic sector of Antarctica (slight warming), a feature also found 
in the model data. 

23.4.2 Precipitation 

The DJF precipitation difference map is shown in Fig. 23.11. Various patterns 
of increased and reduced precipitation are found, mainly in the tropics. How
ever, most of these features can not be distinguished from the effect of random 
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Fig. 23.10. Simulated air temperature differences 1675-1710 minus 1550-1800 in 
DJF, degree K. 

variations. Only the strong reduction of precipitation over the Labrador Sea 
and the Hudson Bay is strongly significant. A similar feature emerges in the 
other seasons. Also the DJF-intensification of the ITeZ north of the East 
Pacific equator is significant, albeit marginally (10%). In JJA and SON, the 
slight reduction of precipitation over the Arctic is significant as well. Every
thing else can be explained with reasonable likelihood as result of averaging 
random variations. In particular, in Europe, where historical evidence is rich, 
no clear signal emerges. Also the Indian monsoon is not markedly affected in 
the model. 

The model is not capable of reproducing regional-scale « 107 km2 ) pat
terns in a realistic manner [380], [1105), in particular when the precipitation 
is controlled by small-scale topography; therefore it is not surprising that the 
European details of the LMM in terms of precipitation are not reproduced. 
Also, the dryness derived from the New Mexico speleothem (Sect. 23.3.5) has 
no robust counterpart in Fig. 23.11. 

23.4.3 Zonal Wind 

The zonal wind exhibited stable features only in the areas south of Green
land, where the climatological easterly winds are weakened, which may be 
associated with less cyclogenesis, and a band of westerly anomalies over the 
Southern ocean, i.e. a weakening of the 'roaring forties'. Generally, the dif
ferences in the zonal wind are weak. Over Europe no stable pattern emerges; 
anomalous easterlies have been simulated only for summer (JJA), but are not 
statistically significant. 

Very little evidence about wind fields has been extracted form the geo
logical archives. One aspect was the reduced upwelling off the coast of Peru 
(Sect. 23.3.2) which would be associated with weakened easterlies, i.e. anoma-
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Fig. 23.11. Simulated precipitation differences 1675-1710 minus 1550-1800 in DJF, 
rom/month. 

lous westerly winds. During JJA and DJF weak westerly anomalies are sim
ulated, but they are far from statistically significant (not shown). Of course, 
statistical significance is a matter of both, the strength of the signal and the 
number of available samples, so that a (so far unavailable) ensemble of sim
ulation may eventually help to identify a weak but nevertheless stable signal 
in terms of ENSO characteristics. 

23.4.4 Subsurface Temperature 

Finally, the simulated temperature in the ocean has been analyzed (Fig. 23.12). 
At 100 m the global ocean does not exhibit systematic changes as in the air 
temperature (Fig. 23.10). 

Some warming appears in the Southern Ocean as well as a marked, isolated 
cooling south of Greenland. At 800 m, most of the ocean is actually warmed, 
but the cooling south of Greenland is still visible. At 2100 m, the difference is 
rather small, as one would possibly expect because of the involved time scales. 

23.5 Conclusions 

A first attempt was made to collect the diverse evidence about the climate 
during the Late Maunder Minimum (1675-1710) from a variety of proxy data 
from the project "Klima in historischen Zeiten" (KIHZ) . As a reference, the 
time interval 1550-1800 was chosen, because this interval is not affected by 
anthropogenic warming, and fully covered by the climate model simulation. 

So far, too often, proxy data are extracted and interpreted without con
sistency check with other proxy-data, both in terms of informational content 
as well as dating. In the present case, the different groups within KIHZ have 
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Fig. 23.12. Temperature difference 1680- 1710 minus 1550- 1800 in the climate 
model at three levels: 100 m (below surface), 800 m and 2100 m. Contour lines 
0.2 K (top) and 0.1 (middle and bottom panel) . Blue lines represent negative, red 
lines positive temperature differences. 

tried to overcome these obstacles. As a result, the LMM emerges as a global 
phenomenon. 

There is some consistency of the empirical evidence with the modelling re
sults that are responses to time dependent solar output, stratospheric aerosol 
load and greenhouse gas concentrations. Together, this suggests that similar 
dynamics are behind the real and the simulated LMM. However, this sug
gestion should be considered with caution until further analysis of the model 
data and comparisons with other proxy-data are completed. 
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